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ABSTRACT 
Transition metal complexes of 5-(2'-pyridyl)-, 
5-(3'-methyl-2'-pyridyl)-, 5-(3'-methyl-4'-pyridyl)-, 
and 5-(6'-methyl-2'-pyridyl)-tetrazole have been pre-
pared by the reaction of metal chlorides with the free 
ligand. Their properties have been investigated by 
means of infrared absorption spectra, magnetic measure-
ments and thermal decomposition behaviours. Possible 
structures for these complexes are discussed. 
The synthesis of the pyridyl-tetrazole complexes 
have been attempted through the 1,3-Dipolar cyclo-
addition of 2-cyanopyridine and the three cyanopicolines 
to azido-metal complexes. Cu(L) [P (C 6H5) 3] 2 (where L 
designates the various pyridyl-tetrazole anions) were 
obtained by this method. 
Pyrolysis of these tetrazolato complexes show that 
the decompositions proceed via the reverse 1,3-dipolar 
cycloaddition. 
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·CHAPTER 1 
1. INTRODUCTION 
1.1. Heterocyclic ring systems as ligands: 
Pyridine(I) and its derivatives have been amongst the 
most studied ligands of the numerous heterocyclic aromatic 
nitrogen-systems. Some insight into the coordination between 
these ligands and metal ions has been gained from infrared 
spectroscopy. Complex formation by pyridine and the substitut-
ed pyridines lead to only relatively small shifts in the vi-
brational frequencies of these ligands. No distinct trends 
occur in these shifts when the transition metal or a halide 
ligand present in the complex is changed in a series of struct-
urally similar compounds. Various workers have interpreted this 
fact in one of two ways. First, the insensitivity of the shift 
could be due in part to TT-bonding between the metal and the 
nitrogen atom of the pyridine ring, which counterbalances 
possible trends due to differences in the strength of the a-
bond between the nitrogen and the metall,Z, 3 Secondly, the 
possibility of TT-bonding in complexes is rejected and the small 
shifts are attributed to the bases being essentially unaffected 
b d . . 4 y coor ina.tion . 
( I , PY) 
The former explanation is more widely accepted. 
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There are few complexes where six pyridine molecules 
coordinate t? a metal ion 5- 7 . This is presumably due to a 
steric effect. Complexes of the type M(py) 4x2 and M(py) 2x2 
are much more common, with the latter being tetrahedral mono-
mers or six-coordinated polymers depending on the nature of M, 
the particular pyridine ligand and X. 8 For example, King et aZ. 
confirmed that the arrangement of ligands around the metal ion 
1n N1(py) 2Br 2 is tetragonally distorted while that in Co(py) 2Br 2 
1s tetrahedral. The effect of the halide ion is apparent from 
Co(py) 2Br 2 and Co(py) 2I 2 which were both found to be tetrahedra1
9 
1n contrast to the stable form of Co(py) 2c1 2 which according 
to Dunitz 10 1s a pseudooctahedral and polynuclear complex. 
Work on the five-membered heterocyclic ring systems has 
11 12 . . 13-15 been done on tetrazole ' (II), 1m1dazole ( III) and 
Pyrazole l 6 ,l 7 (IV). All th d. t th . ese may coor ina e as e anion or 
as the neutral molecule. Coordination of 5-substituted tetra-
zoles (V) with metal ions which is particularly relevant to 
the work described in this thesis was first investigated 1n 19 60 . 
R R 
N\\ ~l 
N--NH 
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R 
N--N 
(VI) 
In general, the complexes were prepared by the reaction 
of soluble transition metal salts with the ligand or with its 
alkali metal salt. The research into the nature of the coord-
,,,, 
-3-
. . h 1 . . . d b b k 18 1nat1on int ese comp exes was initiate y Bru a er who pre-
pared the co~per(II) complex of 5-amino-tetrazole. Infrared 
spectral studies and analytical data on 5-phenyl-, 5-chloro-
phenyl-, 5-methoxyphenyl-, and 5-tolyl-tetrazolato complexes 
of copper(II) 19 led to the conclusion that the ligands coordin-
ate as their anion (VI), and copper(II) and the 5-substituted 
tetrazolate anions interact in the ratio 1:2. 
The mode of the metal-tetrazole bonding was unknown 
prior to the work of Harris et az. 20 Using 5-trifluoromethyl-
tetrazolato complexes of iron(II), cobalt(II), nickel(II), and 
copper(II) they deduced from reflectance spectra that all of 
these complexes appear to be octahedral or distorted octahedral 
a-bonded complexes. In each case, the tetrazolate anion, as 
well as water molecules, is -coordinated to the metal. Further 
workll,lZ,Zo-z 4 on several other 5-substituted tetrazolato 
complexes of the divalent metals of the first transition 
series led to the same conclusion regarding the coordination 
in these complexes. Magnetic moments were obtained for 
bis(tetrazolato)copper(II) monohydrate 12 and bis(S-trifluoro-
methyltetrazolato)nickel(II) tetrahy~rate 20 . The value obtained 
shows that the electronic configuration of nickel(II) in the 
complex is high spin. In addition, it has been postulated that 
5-trifluoromethyl-, 5-nitro-, and 5-chloro-tetrazolato complexes 
of iron(II) 25 have a tetrahedral configuration in contrast to 
the octahedral stereochemistry commonly found. In cases where 
the complexes are insoluble in all common solvents, polymeric 
12 22 26 . 26 . 
structures were proposed ' ' Labine and Brubaker pointed 
out that the presence of broad unresolvable bonds in the metal-
nitrogen stretching region gave further support to the above 
- 4-
possibility. 
As already stated tetrazole can coordinate as the neutral 
molecule or its anion. The diagrams (V) and (VI) indicate that 
there is more than one possibile coordination site in tetra-
zole and its derivatives. For complexes containing the tau-
tomeric neutral ligand, bonding will involve one of three nitro-
gen atoms. However, if bonding were to take place between the 
metal ion and the symmetrical anionic ligand, acting as a mono-
dentate ligand, either of the two available sites, N(l)- (or 
N(3)-) and N(2)-(or N(4)-) atoms, would be used. The anionic 
ligand could also act as a bridging group using a second nitro-
gen atom. 
It was established by single-crystal structure determin-
ation 27 that for ZnL 2c1 2 ((VII), where L = 1-methyl-tetrazole), 
the N(4)-atom is covalently attached to the tetrahedrally coord-
inated zinc(II) ion. In addition, a structure determination 
28 of [AgLfN0 3)] 2 ((VIII), where L = pentamethylene-tetrazole) 
showed that the coordination above the silver atom is a distort-
ed tetrahedron consisting of bonded nitrate as well as a mono-
dentate and two bridging tetrazole molecules. The monodentate 
tetrazole is coordinated to the silver ion via the N(4)-atom 
while the bridging tetrazoles are linked to the silver ions 
via N(3)- and N(4)-atoms. 
In an attempt to determine the particular nitrogen 
atom involved in the coordination of 5-aminotetrazolatotri-
phenylphosphinegold(I); Kieft e t ai. 29 obtained the iodotriph-
enylphosphinegold(I) complex and methyl-5-aminotetrazole by 
an exchange reaction of methyl iodide and the 5-aminotetrazol-
- 5-
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atogold(I) complex. Proton nuclear magnetic resonance data 
indicate that a mixture of 1- and 2-methyl-5-aminotetrazole 
was obtained in about the same ratio as in the methylation of 
5 . l 30 -am1notetrazo e . This could suggest that the 5-aminotetra-
zolegold(I) complex is a mixture of N(l)- and N(2)-bonded iso-
mers though it seems more likely that the resonance-stabilised 
tetrazolate anion is displaced from the gold prior to methyl-
ation. 
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The occurrence of the a-diimine group, -N=C-C=N-, in 
2,2'-bipyridine (IX) and 1,10-phenanthroline (X) permits elect-
ron delocalization in the chelate ring formed when these ligands 
coordinate to a metal ion. Hence bidentate ligands of this kind 
are considerably better TT-acceptors than are simple pyridines 31 , 3 ~ 
This is reflected in their higher positions in the spectrochem-
ical series, their effectiveness in promoting spin-pairing in 
many cases, and in their ability to stabilise low oxidation states. 
To date, complexes of almost all of the transition metals with 
these ligands have been described. 
In addition, the coordinating ability of the a-diimine 
group in bidentate ligands composed of two linked five-membered 
33 34 
ring systems has also been investigated. Erlenmeyer et al. ' 
found in their study of 2-2'-bithiazole (XI), 4,4'-bithiazole 
(XII), and pyrido[2,3-e]benzothiazole (XIII) that the ability 
of these bases to coordinate to iron(II) is much less marked 
than that of 2,2'-bipyridine. The bithiazoles fail to react 
with iron(II)sulphate in cold, aqueous solution and on heating 
give only weakly coloured solutions which lose their colour on 
cooling. 
Metal complexes of linked 5- and 6-membered ring systems 
such as 2-(2'-pyridyl)imidazole (XIV) and 2-(2'-pyridyl)benz-
35 imidazole (XV) have also been prepared . L k d Vl . . 36 e o an aJinats 
were the first to describe complexes of (XV) with copper(II) 
• 
chloride and mercury(II) chloride as well as a neutral silver 
. 37-39 derivative. Later Freiser et al. prepared the complex 
salts (XVI) (where M=Ni(II), Cu(II), Co(II), or Zn(II); X=Br, 
I or c1O 4 ; n=2, m=2; and M=Fe(II), X=ClO 4 ; n=3, m=2), as 
well as a series of complexes of 2-(2'-pyridyl)imidazole (XIV). 
(XIV) 
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From infrared spectra, it was deduced that these ligands 
generally behave as bidentates and coordination takes place 
through the pyridine ni t rogen and the tertiary nitrogen atom 
of the imidazole rings (XVI). In the infrared spectra a low-
ering of frequencies was observed for the absorption bfulds due 
to the imino-group when coordination occurred. It was also 
established37 - 39 that coordination increases the acidity of the 
imino-hydrogen of the irnidazole to an extent depending on the 
na ture of the metal ion . Intensification of colour was observed 
when the fH of solutions of the coordination compounds prepared 
- 9 -
from (XVI) was increased. However, there was no record of the 
isolation of any deprotonated complexes until 1964, when 
, 35 
Chiswell et aZ. obtained analytically pure "neutral comp-
lexes" (XVII() by deprotonation of complexes (XVI) with alkali. 
N 
~ M/ n 
N 
~ 
n 
(XVIII) 
When methyl substituents are present on the heterocyclic 
ring system, steric effects are observed. For example, alth-
ough 2-methyl-1 , 10-phenanthroline forms tris-complexes with 
both iron(II) and nickel(II) 40 , the tris-chelated iron(II) 
complex (log K1=4.2) is less stable than the corresponding 
phenanthroline complex (log K1=S.O). In addition, Chiswell 
et az. 35 found that substitution of a methyl-group on the sixth 
position of the pyridine ring of 2-(2'-pyridyl)imidazole (XIV) 
completely inhibits the isolation of complexes with iron(II), 
cobalt(II), and nickel(II), though complexes were obtained 
with copper(II), silver(I), and cadmium(II). For pyridyl-
b h . h. d L. . 41 f d h h enzot iazole systems, C 1a an 1v1ngstone oun tat t e 
maxima in the reflectance spectra of the copper complexes of 
2-(6 ' -methyl-2'-pyridyl)-benzothiazole (XX) occur at lower 
frequencies than those of the copper complexes of (XIX). This 
-10-
s---c 
R N 
(XIX, R=H) 
change in frequency corresponds to a lowering of the ligand 
field energy which is due to the steric effect of the methyl 
substituent on the 6-position of the pyridine ring. Recently, 
Baker 43 observed that for the complexes of iron(II) with 2-
(2'-pyridyl)benzimidazole (XV), the spin state of the metal 
ion is dependent on the temperature. However, for the 2-(6'-
methyl-2'-pyridyl)benzimidazole iron(II) complex, the magnetic 
moment at low temperatures indicates that the compound is high-
spin. This led them to conclude that substitution of a methyl-
group adjacent to the pyridine nitrogen atom in (XVII ) has 
reduced the ligand field strength to such an extent that the 
derived ligand is unable to effect spin-pairing in iron(II). 
This reduction was ascribed to the steric effect of the methyl 
group in preventing the close approach of the ligands to the 
metal ion. The same effect has also been observed by Sasaki 
and Shigematsu 44 for the methyl-substituted derivative of 2-(2'-
pyridyl)imidazole (XIV). 
1.2. 1,3-Dipolar cycloaddition reaction: 
As was mentioned earlier, tetrazole comp lexe s have been 
- 11-
prepared by the reaction of soluble transition metal salts 
with the ligand or with its alkali metal salts. As an alter-
native, the 1,3-dipolar cycloaddition of a cyano-group to 
coordinated azides has been used for the preparation of some 
tetrazole complexes. 
1,3-Dipolar cycloaddition reactions of olefins with a 
number of organic azides lead to the formation of heterocyclic 
45 46 
compounds ' Ziolo d D .46 an ori , as well as Beck and Fehl-
47 hammer , observed the 1,3-dipolar cycloaddition of carbon di-
sulphide with several azido-complexes. 46 Possible structures 
for the addition products of these reactions are (XXI) and (XXII): 
/N ~ 
M - N ~N 
\_/ 
s c~ 
~s 
(XXI) (XXII) 
By analogy, azide-complexes of transition metals are expected 
to undergo the same type of reaction with a cyano-group. The 
mechanism of the cycloaddition of nitriles to azido-metal com-
plexes can be predicted on the basis of electronic structures 
of the azide ion. . 48 49 From X-ray studies ' of metal complexes 
containing a coordinated azide group, it was concluded that the 
bonding can be accounted for in terms of the two canonical 
forms (XXIII) and (XXIV). As can be seen, both the a- and y-
nitrogens possess some nucleophilic character: 
- 12-
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The possibility can be envisaged for the nucleophilic attack 
on the carbon atom of the nitrile group as: 
R-C::::N: 
( +~ 
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R" /C~N 
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\ N";::::::::: N 
R 
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These lead to products where the bonding between the resulting 
tetrazole and the metal occurs at the N(l)- and N(2)-atoms res-
pectively 
. 47 50 Several azido-complexes have been observed ' to under-
go 1,3-dipolar cycloaddition with nitriles, among these were 
diazidobis(triphenylphosphine)complexes of copper(I), silver(I), 
-13-
gold(I), nickel(II), palladuim(II) and platinum(II). The pre-
ference of the tetrazolato ligands for coordination to the 
metal through the N(2)-atom has been shown by X-ray studies 
51 
on Cu 2 (CF 3CN 4) 2 [(CH 2P(C6H5) 2) 3] 3 (XXV) and trans-[(C 6H5) 3PJ 2-
52 Pd[N 4C(C 6H5) 2] . 
(XXV) 
53 A structural study by Ziolo et al. on the product of 
the cycloaddition reaction between trifluoroactonitrile and 
azidobis (triphenylphosphine)silver (I) (XXVI) has shown the 
complex to be binuclear with two tetrazolate anions, each 
functioning as a bridging ligand utilising the N(2)- and N(3)-
- 14-
atoms of the ring. Therefore, the second mechanism (equation 
(2)) seems more likely for the cycloaddition reaction. 
(XXVI) 
~--N 
(XXVI I) 
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/~ R P( C6H5) P( C6H5) 
"'C~N\ N-;::::::::, C \ ! 3 l 3 I 1 N I 2N Pt H Pt H 
N~ / i N¾::N/ i ~N 
P(C6 H5) P(C6 H5) 3 3 
(XXVIII) (XXIX) 
The first possibility, however, cannot be eliminated 
altogether because Anse11 54 found from crystal structure studies 
that in cis-bis- [dimethyl(phenyl)phosphine]bis -(5-methyltetra-
zolato)palladium(II) (XXVII), the palladium atom has an approx-
imately cis-square-planar environment with both the tetrazole 
rings coordinated through the N(l)-atom. In addition, Nelson 
et az. 55 deduced from nuclear magnetic resonance studies, that 
isomers containing both N(l)- (XXVIII) and N(2)-bonded (XXIX) 
tetrazolato complexes were present in solutions of trans -
PtHL(P(C6H5)3)2 (where L = 5-phenyl-, 5-bromo-, or 5-chloro-
tetrazolate anion). Semiemperical one-electron molecular 
orbital calculations on model compounds indicated that the 
N(l)- and N(2)-bonded tetrazolates are energetically equival-
ent which supported the conclusion derived from the nuclear 
magnetic resonance data. 
1.3. Project: 
All the 5-substituted tetrazole ligands investigated 
-16-
previously can only function as monodentates or as bridging 
ligands in polymeric complexes. Complexes of the potential 
bidentate ligands, 5-(2'-pyridyl)tetrazole (XXX) and its methyl-
substituted derivatives - 5-(3'-methyl-2'-pyridyl)- (XXXI) and 
5- (6 '-methyl- 2' -pyridyl) - (XXXIII), and of 5- (3' -methyl-4 '-pyridyl)-
tetrazoles (XXXII) with metal ions of the first transition 
series and silver have been investigated in this project. 
Infrared spectra, reflectance spectra, magnetic moments, ther-
mal decomposition, and X-ray powder diffraction patterns have 
been studied, and the mode of coordination as well as the 
overall stereochemistries in these complexes are discussed. 
N" s1/" 4 3 NH 
1-2/ 
(XXX, HA) N N 
N" ~ NH 
I 
N 
\\ 
N 
(XXXI, HB) N--N 
N--N 
(XXXII, I-IC) (XXXIII, HD) 
In addition, the 1,3-dipolar cycloaddition reaction of 
2-cyanopyridine and cyanopicolines with azido-metal complexes 
was investigated. 
-17-
CHAPTER 2 
RESULTS AND DISCUSSIONS: 
2.1. Preparation: 
2.1.1. Ligands: 
5- (2 '-pyridyl) tetrazole (HA) (XXX) was prepared by the 
method of McManus and Herbst 56 . This involved the 1,3-dipolar 
cycloaddition of 2-cyanopyridine with an azide-group. Invest-
igation of the steric effect of the methyl group led to the 
preparation of pyridyl-tetrazoles with a methyl group on either 
the 3- or 6- position of the pyridine ring. Difficulties due 
to the formation of a mixture of cyanopicolines arose in the 
preparation of 2-cyano-3-picoline using the general method of 
57 Feely and Beavers . This involved the oxidation of 3-picoline 
with 30% hydrogen peroxide in glacial acetic acid to give the 
N-oxide. Treatment of the N-oxide with an equimolar quantity 
of dimethyl-sulphate gave the methoxymethylsulphate salt. 
During the subsequent addition of potassium cyanide solution, 
the temperature of the reaction mixture was kept below 0°C as 
this favoured the .formation of the 2-cyano-3-picoline. Three 
isomers were formed and 4-cyano-3-picoline was first removed 
by fractional distillation using a 20 cm Vigreux column. The 
residue from the distillation was recrystallised from chloro-
form using an ethylacetate/dry-ice bath which gave the less 
soluble 2-cyano-3-picoline in the frozen solid. The freezin g 
procedure was repeated and the purification of the 2-cyano-3-
picoline was followed by nuclear magnetic resonance spectra. 
-18-
The 2-cyano- and 4-cyano-3-picolines were then converted to 
5- (3'-methyl-2'-pyridyl)tetrazole (HB) (XXXI) 58 and 5-(3'-
methyl-4'-pyridyl)tetrazole (HC) (XXXII) 58 , respectively. 
During the preparation of 2-cyano-6-picoline, 4-cyano-
isomer was also formed and separated by fractional distillation 
using a 20 cm Vigreux column. After recrystallisation from 
methanol/acetone, the 2-isomer was converted to the 5-(6'-
methyl-2'-pyridyl)tetrazole (HD) (XXXIII). 
59 The reaction between 2-cyanopyrrole and sodium azide 
was carried out in dimethylformamide by the method of Finnegan60 . 
A maroon powder was obtained after evaporation of the solvent. 
A parent peak at m/e 135 in its mass spectrum and analytical 
data indicated that the product could be an impure sample of 
the corresponding tetrazole. The red colour was due to an 
impurity which might be polymeric because the tetrazole is ex-
pected to be colourless. Purification of the tetrazole was 
attempted by thin-layer chromatography but was unsuccessful. 
2.1.2. Metal complexes: 
Complexes of the divalent ions of the transition metals 
with the 5-(2'-pyridyl)tetrazolate anion (A) and the methyl-
substituted derivatives (B,C and D) (Tables I, II, III and IV) 
were prepared by the direct reaction of the ligand with metal 
chlorides. Where the metal ions involved are known to form 
complex ammines, concentrated ammonia solution was used as the 
solvent. With 5- (2'-pyridyl)tetrazole, reactions in both water 
and alcohol were also carried out. Water was not used for the 
reaction with methyl-substituted derivatives because of the 
- 19-
insolubility of these' compounds in this medium. 
Table I: 5-(2'-pyridyl)tetrazolato metal complexes. 
Complex -Description Method of 
Preparation* 
Zn(A) 2ZH 2o white crystals a 
Cu(A) 2ZH 20 blue crystals a 
Co(A)z2H20 brownish-yellow powder C 
Fe(A) 2ZH 2o yellow powder C 
Cr(A)z2H20 mauve powder b 
Ni (A) z 2NH 3H2 0 mauve crystals a 
Co(A)z2NH3H20 brownish-yellow crystals a 
FeCl(A)2H 20 yellow powder b 
Ag(A) white crystals a 
* a: Prepared from concentrated ammonia solution. 
b: Prepared from ethanol. 
c: Prepared from water. 
Table II: 5- (3'-Methyl-2'-pyridyl)tetrazolato metal complexes. 
Complex Description Method of 
Preparation* 
Zn(B)z2H20 white crystals a 
Cu(B) 2ZH 2o blue crystals a 
Ni(B) 22NH 3H20 mauve powder a 
Co(B)zNH32H20 yellow powder a 
Ag(B) white crystals a 
-20-
' Table III: 5-(3'-Methyl-4'-pyridyl)tetrazolato metal comp l exes. 
Complex 
Zn(C) 2ZH 20 
Cu(C)zNH33HzO 
Ni(C)z4Hz0 
Co(C) 2NH 33I-I 20 
Ag (C) 
Description 
white powder 
blue powder 
purplish-blue powder 
salmon-pink powder 
white crystals 
Method of 
Preparation* 
a 
a 
a 
a 
a 
'----------·---·--------------------~----------1 
Table IV: 5-(6'-Methyl-2'-pyridyl)tetrazolato metal complexes. 
~------·----~- --------·--------+---------~ 
Complex 
Zn(D) 2NH 3H20 
Cu(D)zNH32HzO 
Ni(D) 2H20 
Co(D)z2H20 
Fe(D) 24H 20 
Ag(D) 
Description 
white crystals 
green crystals 
blue powder 
maroon crystals 
yellow powder 
white crystals 
Method of 
Preparation* 
a 
a 
a 
a 
b 
a 
Concentrated ammonia solution was preferred as solvent, whe re 
possible, because the use of this usually led to the formation of 
crystalline products. In contrast, reactions in water or 
alcohol gave very fine powdery products. The principle be-
hind the use of ammonia solution can be demonstrated in the 
case of the copper(II) complex of 5-(2'-pyridyl)tetra zole. In 
this medium, copper(II) forms an ammine complex, [Cu(NH 3) 4 2H 20J. 
When an ammoniacal solution of the tetrazole is added to the 
solut~n containing the ammine complex, flaky purple crystal s , 
possibly Cu(A) 22NH 3 , may be formed if the concentration of 
ammonia was high. This compound was not studied because when 
--
- 21-
removed from the solu~ion, it lost ammonia and Cu(A) 22H 20 was 
formed . When the reaction mixture was allowed to stand ex-
posed to the atmosphere, ammonia was gradually lost and Cu(A) 2-
ZH20 crystallised slowly from the solution. 
Powdery products were obtained when reactions were carr-
ied out between 5-(3'-methyl-4'-pyridyl)tetrazole and metal 
chlorides in concentrated ammonia solution. This is probably 
due to these complexes being polymeric as expected from the 
positions of the two potential donor atoms. 
In addition to the compounds listed in the tables, white 
and brown powders were o~tained in the case of manganese(II) 
(method c) and iron(III) (method b) respectively, with 5-(2'-
pyridyl)tetrazole (HA) but the exact composition of these 
could not be established from the analytical data. The samples 
were probably impure. Chromium(III) chloride hexahydrate was 
used in an attempt to prepare a 5-(2'-pyridyl)tetrazolato com-
plex by method (a) but no reaction appeared to have occurred. 
The preparation of Ni(A) 22H 20 was attempted by carrying out 
the reaction in water and in alcohol but no product was ob-
tained even after two days. Iron(II) complexes of 5-(3'-methyl-
2'-pyridyl)- (B) and 5-(6'-methyl-2'-pyridyl)tetrazole (D) 
were obtained as yellow crystals and powder, respectively. 
These could not be characterised because of their extreme sens-
itivity to oxygen even in a nitrogen-box. A blue powder was 
obtained when the reaction was carried out between 5-(3'-methyl-
4'-pyridyl)-tetrazole (HC) and copper(II) chloride in the 
ratio 1:1 (method a). Analytical data indicated a probable 
formula, Cu(C)(OH)H 20. No complex was obtained when methanol 
- 2 2-
solutions of manganese(II) and iron(II) were mixed with HC in 
methanol. 
2.2. Formulae: 
Analytical data for all the complexes listed indicate 
that the various tetrazoles coordinate as their anions (A, B, 
C and D) to silver and divalent transition metal ions. All the 
compounds, except those of silver(I), contain either water or 
water and ammonia. The initial loss of weight when these com-
plexes were heated on the thermobalance corresponds to the 
amount of water as well as ammonia present. The amount of 
ammonia was determined by boiling the compound in dilute sodium 
hydroxide solution and collecting the ammonia in standard hydro-
chloric acid. 
2. 3. Infrared spectra: 
2.3.1. . -1 2,500-4,000cm : 
The spectra of HA and HC, figure 1, show a group of 
bands in the 2900-3000cm-l region and a broad band which 
- 1 
stretches from about 2400 to 3000cm . Furthermore, it can 
be seen that the spectra of both HBH 2O and HDp.sH 2O, figure 2, 
each show a very broad band ranging from 2400-3500cm-l which 
is made up of two overlapping broad bands. The broad band in 
the higher frequency region (i.e. 3100-3500cm- 1 ) of the spectra 
of HBH 2o and Hq0.SH 2O is due to the O-H stretch of the water 
molecules in these compounds. Further support for this assign-
ment can be found in the spectra of the hydrated sodium salts 
and the divalent metal complexes. In the spectra of HA and HC, 
-23-
4000 3000 2000cm-l 
Figure 1. Infrared spectra in the 2000-4000cm- 1 region. 
I , N aA,l . SH 2 0 ; I I , HA ; I I I , Na C,l . SH z O ; I V , H C . 
I 
II 
III 
IV 
- 24-
II 
III 
IV 
4000 3000 2000cm- 1 
Figure 2. Infrared spectra in the 2000-4000cm-l region. 
I , Na BJ_ . 5 H 2 0 ; I I , H B H z O ; I I I , Na D,0 • 7 5 H z O ; I V , H D,0 • 5 H z O . 
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-1 the group of bands in the 2900-3100cm region can be assigned 
to the pyri~ine ring stretching vibrations. The corresponding 
peaks in the spectra of HBH 2O and HDp.sH 2O are obscured by the 
broad band due to the O-H stretch of the water present. 
A broad band, which tends to tail in the direction of 
low frequency, in the 2400-3000cm-l region can be seen in the 
spectra of all the pyridyl-tetrazoles. Harkins 39 and Sahai 61 
have postulated that in the case of 2-(2'-pyridyl)benzimida-
zole (XIV) and benzotriazole, the tailing of the broad band 
in this re~ion is characteristic of hydrogen-bonding effect 
operating on the N-H bond. Chiswell et al. 35 found that de-
protonation of the cation-0"'fz~";,_pyridyl)benzimidazole to the 
neutral complexes was indicated by the loss of the N-H stretch-
ing peak in the 2500-3000cm-l region of the spectra. The bands 
assigned to the N-H bond in the spectra of the pyridyl-tetrazole 
complexes have maxima at about 2440cm-l in HA, 2630cm-l in HBH 20, 
2510cm-l in HC and 2720cm-l in HD0.SH 2O. The assignments are 
supported by the absence of the bands in the spectra of the 
sodium salts (figures 1 and 2), and the metal complexes of all 
the ligands (tables V, VI, VII, VIII). This shows that in the 
metal complexes, the pyridyl-tetrazoles coordinate as their 
anions. 
Finally, the C-H stretching vibrations of the methyl 
group of 2-picoline were found in the 2850-3050cm-l region of 
62 the infrared spectra For the methyl-substituted tetrazoles, 
the occurrence of the other bond stretching vibrations mentioned 
above, expecially the broad band of the O-H stretching, makes 
the identification of the C-H stretching vibrations of the methyl 
-2 6-
·Table V. Infrared spectra of 
complexes (cm-1). 
5-(2'-pyridyl)tetra zol e and 
HI. N.,(A) I. 511 20 Cu(A) 2211 23 Zn(A) 221 120 Ni (A) 2ZN 13~20 Co(A) 22i-l/l Co (A) 22,-<11 :i11 21 Cr(A)z2Hz\l 1-c(A) 2m 2o f'cCl (A)"LJ 120 Ag(A) 
-3521 DI 
-H78 s ,b '--33119 s,b 
- ll56 s 
-331\0 s,b 
-3311 • 
'-3247 
,___ )25 7 s , IJ 
ti, 5 ' 1 t:=::~m m, b ~3242 s t--- 17\~ m • 
'---ll85 s 
,__ Jl7S s. ~ 
~Hrs u ,__ 3168 s ,__)1 6 4 s 
>--3144 • ,L> 
o---3115 s 
-3090 5 .--301!\. 1--30%. ,__ )09 4 s ,--3095 111 ~ 3086 m 1--)0> l m 
~)00 7 s t-- ))67 s ~))', 7 s 
,___ )()~0. '---3067 s '--- 3059 s >--3067 s ~)Q•j 7 D'I 
,__ )')40 s 1---'.J 0 5 9 s r- 3150 m 
- JJJ0 • ~10 19 s - J0)i)w )02P. m, l:, '--3025 DI 
,__ 2967 DI '-- 29 74 s 
L.,__2 9 49 s l----'2% I) • ,-2959 s >--2959 m 
>-- 19)) m '-- 2') ) 6 s,b '-- 2Hl s ~ 2'JJ9 a 
'--2'.) )2 • 
>-- 2926 • >-- 2933 m 
>-- 2062 m -2J78 m 
-2857 w 
- 2ij5 7 s 
,___ 27 40 s,t 
continued 
Table 
ll4. 
16 14 w 
1,,0 3 ~ 
155 5 • 
1~4 L w 
1484 m 
1420 w 
l 400 m 
l 2J 1 w 
129~ m 
9 50 m,b 
U04 • 
7 l'j 
6 ]2 s 
Su6 m 
471 s 
4 50 " 
40 1 • 
.lo 2 • 
V. 
ii i, ) m 
I C,,1 2 m 
10.L m 
lU•JO s 
l 572 m 
151 5 m 
142) s 
l ]77 s 
l 309 w 
l2LO m 
125 ) w 
111 7 w 
.., 
"' m 
·~ 
m 
s 
BU! a 
~4, " 
7 J J s 
7 l 7 s 
627 m 
515 w 
46 7 w 
407 m 
)71 • 
Absorption 
w = weak, 
continued. 
1650 w 
l 621 m 
15 72 m 
154 6 w 
14 55 s 
140 5 111 
130 4 8 
1 266 II 
12 )) w 
11 7~ • 
11 70 m 
1116 m 
1096 m 
106 5 9 
10 )5 m 
l O 28 s 
q 02 w 
90) w 
8 0 ) o 
7 ~ ) rr 
I 32 s 
71 ~ a, 
651 ID 
600 c, 
51 J w 
4 2 4 s 
)94 s 
JI 8 11 
)04 w 
280 w 
261 ., b 
227 w 
bands 
1656 w 
6l8 • 
1575 w 
15ll w 
144 5 • 
1 400 111 
l Jl6 w 
in s m 
1264 w 
122 4 w 
11 7 4 111 
11 40 m 
1111 w 
109 2 w 
1062 w 
10 45 w 
IBH::: 
l 0 1 J m 
'J ,~ w 
803 I 
7 SH s 
7)2 R 
724 n 
(,C,J LI 
642 m 
51 4 " 
18? w 
419 1 
)06 s 
27) m 
24 2 w, b 
are 
b broad, 
1658 w 
1610 1 
1597 s ,sh 
14 66 1 
287 m 
255 111 
1 2 21 a 
978 w 
899 w 
8 06 s 
7 58 • 
7 )6 s 
/ l 1J s 
602 m,b 
645 m 
6 08 111,b 
512 111 
48~ m 
427 s 
) 'I~ s 
365 m 
282 I 
219 1 ,b 
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1656 w 
1 6 16 s 
1585 a 
lSJI w 
1 441 s 
l ]94 a 
l 292 a 
1255 s 
12 25 w 
1172 a 
114 2 s 
111 0 111 
109 2 m 
105? s 
1m 
JOI 2 111 
975 w 
90 5 w 
8~1) . 
756 s 
7)2 s 
721 s ,sl 
71 ! s 
689 s , b 
6 4) a 
515 111 
49 4 m 
42 2 a 
JO': s 
3l7 .. 
306 m 
29 J s 
251 a ,b 
1658 w 
161) s 
1567 m 
1524 m 
14 62 s 
1280 • 
1 252 a 
--12lls 
I /~g ; 
llU: 
1104 s 
1080 w 
97~ w 
~04 a 
75 4 s 
7 32 s 
7 ~!J s 
"/1 I s 
66~ s,b 
6 44 s 
58) 111,b 
505 s 
485 s 
4 2 l 8 
) 8 4 s 
357 m,b 
27 9 m, b 
272 . , b 
209 m,b 
designated as: s 
sh shoulder. 
1 706 w 
1620 a 
1562 111 
15 26 w 
1436 s 
12 8 J m 
12 54 w 
1221 w 
} 58 \ I 
14 6 w 
118 w 
108 1 m 
m~ 
04 1 w 
1025 w 
970 w 
905 w 
799 a 
758 • 
732 s ,sh 
7J.1 m 
655 m 
585 w 
Sb2 m 
510 w 
4?9 w 
427 8 
)~9 • 
) 57 s 
) 3 l .., 
J l 9 111 
mE 
231 111,b 
164 5 w 
161 3 s 
15 72 m 
15 J9 w 
14H 1 
1 )? J • 
1289 s 
260 s 
21 9 w 
1172 • 
142 a 
11 0 111 
OBJ m 
05) s 
~1H 
01 2 II 
9 75 " 
891" 
60 J a 
7 55 s 
HU 
695 m,b 
640 a 
502 m 
4 7 J " 
418 • 
)87 s 
)43 m,b 
D J II 
27? I 
24? s,b 
strong, m 
1m: 
16)4 111 
15 70 m 
1524 " 
1 4 55 1 
796 I 
74 8 s 
7 3 l 1 
719 8 
6)7 1 
514 m 
411 I 
)91 a 
JO) w 
24 5 s, b 
226 ... b 
2 24 m,b 
Ag(A) 
1600 s 
1570 m 
1515 w 
150 4 II 
141 8 s, s 
l 269 " 
1250 " 
11 60 .11 
11 6 1 m 
1149 a 
1096 u 
1092 m 
1050 9 
1026 m 
1000 m 
995 111 
9 0 ) " 
890 w 
803 • 
799 I 
7 55 s 
m: 
7 l 7 ID 
6)0 m 
626 u 
511 m 
48 1 w 
47 6 " 
400 s 
396 w 
)82 s 
)00 v 
207 m, b 
= medium, 
Table VI. 
3 )(, 7 m 
3137 m,b 
3tJ 77 w 
)0S7 w 
2630 m,b 
-28-
Infrared 
tetrazole 
of 5-(3'-methyl-2'-pyridyl)-
complexes (cm- 1 ). 
spectra 
and 
Ag(ll) 
3610 m 
357 1 m 
34 78 9 3478 m 
3421 m,b 
3390 s 3392 m,sh 
3 )4 7 s )354 9 3358 a ))27 9,b 3334 m,sh 
328 3 w )273 w 3270 w 
324 7 9 3244 w 
3215 m 3200 s,b 3190 w 
3096 w 3087 w 3096 w 
3077 m 
3058 w 3048 w 
)0)0 w 
2990 m 3002 w 2985 w 2981 w 2986 m 2967 w 2959 w,sh 2963 m 
2943 w 2933 w 2924 111 2930 w 2928 m 
2857 w 
2827 w 
continued 
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Table VI . continued. 
HllH ,O Ag(B) 
17 54 w 
lhfi9 w 1678 m 166 4 m 
1642 m 
l l> l 3 s 162 3 m 161; m J 621 m 16 21 m 
1 60 :; m 1600 s 1 6 10 m, sh 
1 505 s 1 592 m 1 592 m,sh 1585 • 
1 55 3 s 
1S20 w 151 C w 
1493 m 1 506 m 150 4 w 1502 w 1497 111 
14 66 s 
144 9 s 1456 s,b 
1414 m 1403 s 1410 B 1414 s 1 399 s 
l 374 s 
1357 m 
1 20 1 s 1276 w 1277 w 1276 w 
1263 s 12 59 s 1267 w 1267 w 
1 247 s 1 248 w 12 52 m 1 2 )) w 12 29 m 1 240 m,sh 1 2)9 m 122) m 1218 m 12 )l w 1 209 w 1214 w 1214 m,sh 
11 95 m 11 99 w 1198 m 11 88 w 1192 m 1192 m 11 85 w 
11 66 m 
1161 w 11 58 w 
114 7 m 11 52 w 1159 m,sh l 148 w 1138 m 1142 m 11 )6 m 1149 w 1140 m 
111 6 m 1114 m 11 26 s 112 6 s 1122 s 11 2 1 2 
10 92 w 109 l 1114 s w 1086 w 1 086 w 1086 w 1096 w 108 1 w 1080 w 
106 4 m 1 066 w 1074 w t8~ ~ m 10 4d w 104 4 m 1052 m 1 050 m 1045 w w,sh 
l O 29 m 10)5 m 10 40 s rn~~ m 10) 4 m 1040 m 10 18 s w 1026 m 102 2 m 1021 s w,sh 1017 m 1027 m 100 3 w 
1000 w 10 14 m 100) w 988 w 978 w 
9 4 8 m,b 
846 w 844 m 
ii i 7 s 824 w 841 s 8)) 8)5 w 824 m w 
U02 s 80 9 m 806 s 812 m, sh 812 s 799 s ~~~ m 801 w,sh 796 s 775 w 78 0 s 78) w 786 w m 786 w 780 9 w 
763 w 
716 s 7)4 s 727 s 731 8 732 s 7 )) a 7)2 s 7 24 m 
695 s 687 111 
67) s 682 111 684 m 677 a 661 s 
649 w 
628 
6 10 w 
m,b 
600 w 
566 w 574 m 572 m 572 w 571 w 571 w 56) w 56 4 111 
538 m 
5)0 m 540 w 
~ 88 s 
4 56 m 474 w 471 w 
402 s )91 s )88 s 
)71 s 386 a 38) w )61 ,i ) 5 2 s 
))5 8 )39 m )39 m ))2 m, sh 
Jlll 8 32 l s 327 s 321 s )27 m, eh )25 w )25 9 
292 s 
266 m 276 w 266 s 260 m 
227 w,b 2)9 m,b 2)6 w 
Table VII . 
HC 
327! w 
31 J O w 
31 l '> m, s h 
2')33 . ., 
2056 w 
2510 w,b 
l l I ,I m 
lOGlm,s h 
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of 5-(3'-methyl-4'-pyridyl)-Infrared spectra 
tetrazole, and -l complexes (cm ) . 
l,J (C) l. SHz'l Ag (C) 
3623 s 
35 71 s 
3)')0 s 
3356 ro 3356 s 
3336 m 3333 8 
32 6LJ m 
3217 m 3226 w )226 w 
3LU5 m 
3115 w 
3096 s 3 1:;G m 3077 s 3077 w 306 3 w 
3058 s 3058 w 
JOJO m 
) 0 12 w 
298 5 s 2976 w 2967 r., 2960 w 2'3', 9 m 2% 7 w 2') 6 7 w 
2<J )) m 2943 w 2933 m 29 )) w 29 )) w 
~916 m 
21 57 w 2857 w 205) w 
2747 w 
continued 
..... 
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Table VII. continued. 
HC Ag(C) 
l , Id m 
17 •_; ,1 , 
1681 s 
lf, ; 7 m 1650 w lt'12 8 l (, )1 ,. 
1618 s 
1610 s 1616 s 161 '.) s 1618 s 1613 s 
1563 w 1560 w 1560 m 1560 w 1560 w 1558 w 
l ', 41 s 
1518 w 15 24 m 1 rjf) C, S 
1 52 4 m 1518 w 1524 w 
1447 s 
l 4'1 l '" 1·107 s 1'1 01 m 1412 s 1405 111 140 1 m 1409 s 
l 377 s l 315 s 1385 s 1 387 m 
136 2 s 136 4 s 13 64 m 
1355 m 
1311 w 130 2 w 1314 w 12')5 w 1297 m,sh 1300 w 1299 w 1302 m 1~9:) w 
l n. 1 m 1277 s 12 6 1 m 
1241 w 1 25 2 m 12 39 1 237 m m 1242 w 1235 w 1230 s 1221 s 1224 s 
lt8~ m 1200 s 1203 m 1 206 s 1208 m 1205 w, sh m 11 9'1 m 1190 m 1201 m 1193 s 1177 s 11(, 7 m 
11 56 w,sh 1161 m 11 52 m 11~4 s 1140 w 1133 w 1140 e 11 35 m 1120 w 1121 m 1114 01 1114 m 11 ,1 4 s 
1080 s l OCO s 1088 e 
1<11,6 w l '.J(,5 s 1068 B 1074 e 1U63 s 1 '1 1J 2 m 1044 m 1044 m 1046 s 13H m 1048 w 10 3'."> m 1032 w 10 33 m m 1031 m 
11)07 s 1005 m 1006 m 1022 w 100 4 m 1003 w 
J74 w,t, 
,; .. ') s 
C46 s 8 53 8 g~ ~ 8 853 8 8~5 s 840 s m 840 s 
030 B 82 2 9 835 e 825 B f'.07 s IJ 0 5 s 
7 7'1 :n 771 m 773 :n 774 m 772 m 77 2 rt 772 e 
., J 3 9 7 33 s 744 m 735 74 0 s 728 e 73 6 m m 71 (1 q 72U s 728 8 725 m 
6:J9 ie9 s 69 ~ s 69 3 s 69 4 s 694 s c- n 1n 9 m, sh 
65 3 w 
635 s 623 w 631 m,b 
606 w 
5 7 3 s 580" :; e3 m 584 m 530 m 580 m 584 m 
S', 3 w 562 m 567 m 569 m 5f.9 m 565 m 569 m 
4,'I, m 500 w 494 w 4C4 m 485 m 
, ~ > m 470 w 468 m 44A s 
4 37 w 44 3 w 437 m ,140 m 44) m 441 m 
407 m 
392 m 389 m 388 m 
171) s .... 169 m 379 m 373 Ill 
352 w ]57 w 
)2 ·) s 338 w 1 2'J m 335 m 34 5 s 3]5 9 326 m 
312 s 312 s 
272 . ., 27) m 272 w 
250 m 
24 3 m,b 
227 s,l., 
Table VIII . 
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Infrared spectra of 5-(6 ' -methyl-2'-pyridyl)-
tetrazole and complexes (cm- 1 ) . 
Na(D)O. 7511 20 Ni (D) /fzO Ag(D) 
3571 s 
3521 m 
3448 m 
34 36 s 
3401 s 3401 m,sh 3413 m,b 
3316 s 
3208 s 3215 m 32 26 m 3226 m 3205 s 
3195 m,sh 
3145 m 
3106 w 3115 s 3096 m 
3077 s 3075 w 3068 w 
3049 m 3058 m 
3030 m 3030 w 
2994 m 299 4 w 
2967 m 2972 w 2976 m 2954 m 
2924 w 2933 w 2933 m 2933 m 2915 m 2916 II 
2882 w 
2857 w 2857 w 2057 w 2857 w 
2740 w 
2720 m,b 
206G m 
continued 
..... 
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Table VIII. continued. 
Na (D)O. 7511 20 Ag(D) 
LC 6 1 1675 w m, sh 1656 m L&45 s 
1621 s 1613 s 1616 s 1610 s 1618 e 1605 s 1605 s 
1587 m 
1 577 m 1573 s 1580 s 
15 72 m 1565 s 
1572 B 1572 s 
1550 s 154 3 m 
1520 w 1524 m 1531 s 
1504 w 1508 m 14')0 m 
1451 s 
1433 m 
1414 m 1414 s 1414 m 
1391 m 
1377 s 
l 3 39 s 
1328 s 
1)09 w 
1279 s 1277 m 1271 w 1269 w 126~ 1 264 m 1 253 w 1253 w m 1 258 m 1245 m 1 25 s 1248 m 1253 m 12 39 w 1 24 7 ID 
1230 w 122') ID 
1 202 m 1 212 w 
1101 m 11 9 1 B 1185 s 1183 s 1189 B 1174 s 1175 m 1165 m 11 68 s 1161 s 1148 m 1148 m 1152 m psi m 1152 s 1142 m 114 2 m 1140 m 131 m 
11 22 s 1107 e 1111 s 
1095 w 1099 m 1091 m 1 098 s 1100 m 1103 m 1094 m 
1'1 L6 m 1082 w 1006 s 1062 m 1079 w ms~ w 1050 w 1050 m w 
1037 w 1035 m 1049 m 1047 m 1048 w LOJS w 1041 m 1036 w 1033 m 1017 m 1023 m 1012 s 1020 m 1 )08 m 1005 m 1006 s 1008 m 9'12 m 987 w 992 m 1002 m 
955 m 
918 w,b 
909 w 91'.l w 906 w 
' 894 w 902 w 
867 m 870 w 
861 m 863 m 860 m 864 s 858 m 858 m 
Bl 3 s 811 s 806 s 810 s 816 s 803 s 802 s 
782 m 
767 B 
7S5 s 761 s 754 s 760 s 759 m 7S6 s 751 s 756 s 745 s 
726 w 738 w 734 m 734 m 736 m 
682 w 688 m 683 a 686 e 687 s 685 m 67 4 m 678 m 675 .,, 
6&3 m 656 .,, 
627 m 636 w 628 w 610 s,b 
58 0 w 587 w 577 m 580 w 581 w 576 w 574 w 
S-13 m 
560 w 566 w 562 m 
501 w 496 m 500 m 507 m 501 m 500 m 
475 m 48~ m 467 w 
449 m 441 w 4 20 w 437 w 
410 w 403 w 398 w 
37'i m 379 w 
367 s 363 B 
34 7 s 351 s 344 s 345 e 
.l 14 s 332 s 321 m 331 8 309 m 316 s 31 2 s )06 a 309 m 303 298 111 m, sh 301 8 
267 m 261 m 262 m,b 
236 w,lJ 244 m,b 233 a,b 
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group almost impossible. However, the small changes in fre-
quency of ba~ds in the spectra of all the methyl-substituted 
derivatives (HBH 20, HC and HDp.sH 20) from the frequencies in 
the spectrum of HA, is in keeping with the theoretical pre-
diction that methyl groups are only weakly inductive. 
2.3.2. -1 500-2,SOOcm : 
As a result of their work on pyridine-complexes, Gill 
1 63 
et al. and Greenwood et al. observed that the strong bands 
-1 in the 1480-1630cm region shifted to higher frequencies in 
the spectrum of coordinated pyridine. Comparing the spectra 
of pyridyl-tetrazoles and their complexes in this region, the 
slight shifts of peaks to higher frequencies in the spectra of 
the complexes should indicate that in the complexes, the 
pyridine rings coordinate to the metal ions. A band at lower 
frequencies within this region can also be due to symmetric 
ring vibrations of the tetrazole ring 12 . 
Bands due to asymmetric ring deformation together with 
some combination bands of both the ring systems occur in the 
1000-1400cm-l region1 , 12 For tetrazole and 5-substituted 
. 12 25 64 tetrazole systems, these bands were shifted on complexation ' ' 
but the direction of shifts is uncertain. According to the 
assignment of bands, the shift is to lower frequencies for 
tetrazole complexes 12 while for 5-substituted tetrazole comp-
1 h d . . f h h 0 f . d 25 exes, t e 1rect1on o t es 1 tis reverse . For pyridine 
complexes, the bands in this region shift to higher frequencies 
on complexation. The direction of shifts of bands in this 
region in the spectra of pyridyl-tetrazoles and their complexes 
cannot be determined. This is because correlation of individual 
-35-
bands in these spectza cannot be made due to changes in the 
spectra brought about by complexation. In addition, the assign-
ment of bands to vibrations of either ring cannot be made be-
cause of coupling between the two rings in the pyridyl-tetra-
zoles. 
The scissors vibrations of the methyl substituent on the 
2-position of a pyridine ring are expected at about the 1380-
-1 62 1450cm region . Comparing the spectra of HA with those of 
its methyl-substituted derivatives HBH 20, HC and HDO.SH 2o, 
additional bands can be found in these regions of the methyl-
derivatives. However, it is not possible to identify them from 
amongst the bands due to the ring system. 
Despite the similarities in the spectra of the sodium 
salts and their respective complexes, the spectra of the sodium 
salts contain additional bands especially in the 700-2000cm-l 
region. Harris et al. 25 have postulated that fewer bands are 
~ found in the spectra of the various 5-substituted tetrazolato 
complexes than in the spectra of their sodium salts because of 
the loss of resonance character of the tetrazole ring in the 
complexes. 
The compounds listed in table IX were heated to give the 
compoundsML 2 . In the case of the other compound, the decomp-
osition of M.12 overlaps too quickly with the desolvation step 
making it impossible to obtain the ML 2 species. 
Comparing the spectra of the initial compounds with those 
of the corresponding ML 2 , slight modifications and splitting of 
bands in various regions can be seen together with one prominent 
- 36-
Table IX. Bands lost from the infrared spectra of ML 2xNH 3yH 2o 
and ML 2xH 2O when heated to ML 2 . 
Metal Complex Band -1 (cm ) 
Zn(A) 22H 2O 666 
Cu(A) 22H 2O 600 
Ni(A)22NH3H2O 608, 681 
Zn(B) 22H 2o 628 
Ni(B) 22NH 3H2O 649 
Ni(D)2H2O 628 
change. -1 In the 600-700cm region, one band is absent in the 
spectra of ML 2 from M(L) 22H 2o while two bands are absent in 
the spectra of NiA 2 obtained from Ni(A) 22NH 3H2O. This can be 
taken as an indication that in M(L) 2xH 2o, the band could be 
due to the rocking vibration of the coordinated water molecules, 
while the two bands in Ni(A) 22NH 3H2O could be due to vibrations 
of the coordinated water molecule and the coordinated ammonia 
molecules. However, heating of Ni(B) 22NH 3H20 to NiB 2 led to 
the disappearance of only one band at 649cm- 1 . This can be 
taken as an indication that Ni(B) 22NH 3H2o might be polymeric 
with only the water molecule being bonded to the six-coordin-
ated nickel(II) ion (see section 2.6.). 
2.3.3. -1 200-600cm : 
Additional bands appear in the spectra of metal complexes 
compared to those of the free ligands and the various sodium 
salts in the 220-450cm-l region. These have been assigned to 
the stretching vibrations of the metal-nitrogen bond between 
the metal ion and the donor atom of the ligand. Clark and 
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Williams 65 during th~ir work on pyridine-complexes have attrib-
uted bands in the 200-290cm-l region as due to the M-N bond. 
12 -1 Garber et al. proposed that two bands at 325 and 328cm in 
the spectrum of the tetragonal bis(tetrazolato)copper(II) mono-
hydrate are due to the vibration of two distinct copper-nitrogen 
bonds. For the pyridyl-tetrazolato complexes prepared, we 
would expect the frequency of the metal-tetrazole bond to be 
greater than that of the metal-pyridine bond. 
Another prominent feature can be found when comparing 
the spectra of complexes of a certian ligand with different 
metal ions. Spectra of chromium(II) and copper(II) complexes 
have extra bands in the 220-320cm-l region in comparison with 
spectra of the other divalent metal ions. This could be due to 
distortions of the octahedral arrangements of ligands around 
the metal ions for chromium(II) and copper(II) complexes. The 
cause of the two cases is different because the value of mag-
netic moment of Cr(A) 2ZH 20 indicates that the electronic arr-
angement of the metal ion is low spin (see section 2.4.). 
Gill et ai. 1 found that for the series of octahedral 
bridged Mpy 2x2 complexes [where M=Mn(II), Co(II), Ni(II) and 
Cu(II); X=Cl- and Br-], there is a regular trend in the position 
of bands at 420cm-l and 625cm- 1 . The frequencies of these 
bands increased with decrease in ionic radius of the metal. 
Shifts of bands in these regions of the spectra of pyridyl-
tetrazolato complexes indicate that the same trend appears with 
the change of metal ion for the complexes, that is, the order 
of the frequencies shift is Zn(II) > Cu(II) > Ni(II) > Co(II). 
An additional feature which can be found in the infrared 
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spectra is that complexes with the same empirical formulae 
exhibit spe~tra which are very similar, e.g. M(A) 22H 20 with 
Zn(II), Cu(II), Co(II) and Fe(II) [with the exception of Cr(II)], 
M(A) 22NH 3H20 with Ni(II) and Co(II), and M(B) 22H 20 with Zn(II) 
and Cu(II). Generally, the spectra of the copper(II) complexes 
have comparatively more splittings probably due to bigger dis-
tortions from the symmetrical stereochemistry. 
As can be seen from the infrared spectra, the shifts of 
bands due to the ligands are relatively small as a result of 
chelation. This suggests the presence of back-bonding from the 
non-bonding metal orbitals to those of the nitrogen atoms of 
the pyridine and tetrazole rings. 
2.4. Reflectance spectra and magnetic moments: 
Absorption spectra (10,000-25,000cm-1) of the solids are 
shown in figures 3-7. The positions of the absorption bands 
together with Bohr magnetons numbers of the magnetic moments 
of the complexes are listed in table X. 
For the copper(II) complexes, the absorption band at 
about 15,700cm-l is due to more than one transition. For dis-
tarted octahedral 
attributed to the 
copper(II) complexes 20 , this band can be 
3 3 3 2 Blg ~ Bzg and B1g ~ Eg transitions. The 
maximum in the spectrum of Cu(D) 2NI-I 32H 20 (figure 3), occurs at 
a lower frequency than those of the other three complexes. 
This is indicative of the steric effect of the methyl group 
on the 6-position of the pyridine ring. The same shift was 
observed by Chia and Livingstone 41 who studied the complexes 
of 2-(6'-methyl-2'-pyridyl)benzothiazole(XVIII). The values 
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Figure 3. Reflectance spectra of copper complexes. 
I, Cu(A) 22H 20; II, Cu(B) 2 2H 20; III, Cu(C) 2NH 3 3H 20; 
IV, Cu(D) 2NH 3 2H 20. 
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Figure 4. Reflectance spectra of nickel complexes. 
I, Ni(A)z2NH3H20; II, Ni(B)22NH3H20; III, Ni(C)z4H20; 
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Figure 5. Reflectance spectra of cobalt complexes. 
I, Co(B) 22NH 3H20; II, Co(B) 2NH 32H 20; III, Co(C) 2NH 33H 20; 
IV, Co(D) 22H 20. 
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Figure 7. Reflectance spectrum of Cr(A) 2 2H 20. 
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Table X: Maxima of reflectance spectra and values of magnetic 
moments of the pyridyl-tetrazolato metal complexes. 
Complex Maximum of reflectance Magnetic moment (B.M.) 
spectrum (cm- 1 ) 
Cu(A)22H2O 15,620 1.90 
Ni(A) 2 2NH 3H2O \2., 18~ 3.18 
Co(A)22NH2H2O 21,840 5.10 
Co(A) 2 2H 2o 21,740 4.86 
Fe(A)22H2O 12,158 5.60 
Cr(A)22H2O 17,857 3.48 
Cu(B) 2 2H 2O 15,748 1.87 
Ni(B) 2 2NH 3H2O 18,018 3.11 
Co(B) 2NH 3 2H 2O 20,833 4.67 
Mn (B) 2H2O - 6.11 
Cu(C) 2NH 33H 2O 15,748 1.90 
Ni(C) 24H 2O 19,048 2.66 
Co(C) 2NH 3 3H 2O 20,618 5.01 
Cu(D)2NH32H2O - 1.90 
Ni(D)2H2O 17,094 3.18 
Co(D)22H2O 19,801 5.01 
of the magnetic moments for all the copper(II) complexes are 
within the range l.8-l.9B.M. expected for octahedral copper(II) 
42 
complexes . 
For the nickel(II) complexes, the transitions involved 
3 3 -1 3 3 
are probably A2g + r 2g(F) at 11,300cm and A2g + r 1 g(F) 
at about 19,000cm- 1 . The maximum in the absorption spectra of 
the Ni(D) 2H2o (figure 4), also occurs at a lower frequency comp-
ared to those of the other three complexes, this can be attrib-
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uted to the steric effect of the methyl group. The magnetic 
moments of ~i(A) 22NH 3H2o, Ni(B) 22NH 3H2o and Ni(D) 2H2o fall 
between 3.l-3.3B.M. and are within the range - expected for 
either five- or six-coordinated high-spin nickel(II) complex-
20 
es For Ni(C) 24H 2o, the value obtained is 2.66B.M., this 
low value is possibly due to more than one compound being pre-
sent or contaminated with nickel hydroxide. 
Octahedral cobalt(II) complexes are known to have mag-
66 
netic moments in the range 4.7-5.3B.M. The values of the 
magnetic moments for all the cobalt(II) complexes are within 
the above range and therefore indicate that these complexes 
are octahedral. In addition, octahedral cobalt(II) complexes 
usually have absorption bands in the visible region at higher 
frequencies than do tetrahedral ones. The poistion of the 
absorption bands of the cobalt(II) complexes listed in table X 
is consistent with the stereochemistry being octahedral. The 
steric effect of the methyl group is again indicated by the 
lower frequencies of the absorption bands of the methyl-subst-
ituted pyridyl-tetrazolato complexes (figure 5). 
The magnitude of the magnetic moment of the chromium(II) 
complex of 5-(2'-pyridyl)tetrazole is 3.48B.M., this low-spin 
value is close to that obtained for the tris(bipyridyl)-
chromium(II) complex. On the other hand, the compound could 
be antiferromagnetic and the electronic arrangement of 
chromium(II) ion high-spin. 
The iron(II) complex, Fe(A) 22H 20, has an absorption band 
-1 
with a maximum at 12,158cm which can be assigned to the 
5E + 5T transition of high-spin octahedral iron(II) 68 . g 2g 
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This is consistent with the value of the magnetic moment of 
5.6B.M .. B~aring in mind the temperature-dependence of the 
spin-state of the iron(II) complex of 2-(2'-pyridyl)benzimid-
azole (XIV) 43 already mentioned, the yellow Fe(A) 22H 2o was 
cooled to liquid nitrogen temperature but no change in colour 
was observed indicating that there is no change in the spin-
state of iron(II) with change of temperature. 
The values of magnetic moments listed in table X were 
determined by the Gouy method, the solids being ground using 
an agate mortar and pestle. However, when the copper(II) 
complexes were ground in an unglazed porcelain mortar and 
pestle, an unusual phenomenon was observed. The magnetic mom-
ent increased with increased grinding to values as high as 
5.90B.M. for Cu(A) 2ZH 2o, 5.35B.M. for Cu(B) 22H 2o, 5.34B.M. for 
Cu(C) 2NH 33f-r2o and 6.21B.M. for Cu(D) 2NH 3 2H 2O. The values re-
mained high even after keeping the sample for several days. 
This behaviour was observed with o-phenanthroline complexes 
of copper(II) but no explanation of the phenomenon can be 
. 69 given 
2.5. Thermal decompositions: 
2.5.1. In air: 
The thermal decompositions of the pyridyl-tetrazolato 
metal complexes recorded on the thermobalence are shown in 
figures 8-13. In complexes where the total number of water 
and/or ammonia molecules exceeds two, that is, in M(L) 22NH 3H2O, 
M(L)zNH32H2O' M(L)zNH33H2O and M(L)z4H2O' the loss of the 
solvent molecules occurred in two stages. The initial weight 
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Figure 8. Thermal decomposition of zinc complexes. 
I, Zn(A) 2 2H 20; II, Zn(B) 2 ZH 20; III, Zn(C) 2 2H 20; 
IV, Zn(D) 2NH 3H20. 
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Figure 9 . Thermal decomposition of copper complexes. 
I, Cu(A) 2 2H 20; II, Cu(B) 2 2H 20; III, Cu(C) 2NH 3 3H 20; 
IV , Cu(D)zNH32H20. 
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Figure 10 . Thermal decomposition of nickel complexes. 
I , Ni(A)z2NH3H20; II, Ni(B)22NH3H20; III, Ni(C)z4H20; 
IV , Ni(D) 2H20. 
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Figure 11. Thermal decomposition of cobalt complexes. 
I, Co(A)z2H20; II, Co(A)z2NH3H20; III, Co(B)zNH32H20; 
IV , Co(C)zNH33H20; V, Co(D)z2H20. 
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Figure 12 . Thermal decomposition of iron complexes. 
I , Fe(A)Cl2H2O; II, Fe(A)z2H2O. 
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Figure 13. Thermal decomposition of silver complexes. 
I, Ag(A) ; II , Ag(B); III, Ag(C); IV, Ag(D). 
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loss took place at about 60° to 80°C and corresponded to the 
loss of one or two molecules of water or ammonia from compounds 
containing three or four molecules of solvent respectively. 
The compounds containing at least one molecule of ammonia 
were heated in an oven at about 60°C for fifteen minutes. 
Ammonia was detected in the case of Ni(A) 22N~ 3H2o, Co(A) 22NH 3H20, 
Ni(B) 22NH 3H20, Co(B) 2NH 3 2II 20, Cu(C) 2NH 33H 20 but not Co(C) 2NH 33H 20 
(see chapter 4). The loss for the remaining molecules followed 
at higher temperatures. This suggests that possibly only two 
of these molecules are coordinated to each of the metal ions. 
The temperatures at which the decomposition of MLx to 
the respective metal oxides (where x = 1 for silver(I) and 
x = 2 for the divalent metal ions) occurred are listed in 
table XI. 
Table XI: Temperatures (°C) of decomposition of MLx. 
Anionic 
ligand 
ion Zn ( 
A 36 
B 35 
C 22 
D 29 
.__ ____ _ 
II) 
-·-
0 
0 
0 
0 
Cu (II) Ni(II) Co (II) 
300 340 340 
300 320 310 
160 100 250 
250 340 370 
Ag(I) 
310 
280 
300 
300 
As can be seen, the order of thermal stability of MSc with a 
particular ligand is: 
Zn(II): A, B > D > C 
Cu (II) : A, B > D > C 
Ni (II): A, D > B > C 
Co (II) : D > A > B > C 
Ag(I): A> C, D > B 
-54-
The order for both the copper(II) and zinc(II) complexes is 
very simila~, while that for nickel(II), cobalt(II) and 
silver(I) are different. 
The difference in the temperatures of decomposition of 
MA 2 and MB 2 for each of the divalent metal ions is small compar-
ed to the differences between MA 2 and MC 2 , and MB 2 and MC 2 . 
For complexes of D, the zinc(II) and copper(II) complexes are 
less stable than those of A and B whereas for cobalt(II) and 
nickel(II) the situation is reversed. For AgL, the difference 
between the temperatures are small compared to those for the 
other complexes. However, the thermal stability of the com-
plexes of a particular metal ion cannot be compared because 
of the structures of the ML 2 complexes which might not be the 
same since the arrangements of the pyridyl-tetrazole anions 
about the metal ions in the initial compound -could be different. 
Products of the pyrolytic decompositions could not be in-
ferred because of the rapid rate of decomposition of most of 
the above complexes. However, the decompositions of Fe(A)Cl2H 20, 
Cu(B)22H20' Ag(B), Cu(C)2NH33H20' Ni(C)24H20' Co(C)2NH33H20' 
Zn(C) 22H 2o, Zn(D) 2NH 3H2o and Ag(D) occur at a slower rate. The 
weight losses seem to indicate that 2-cyanopyridine (from com-
plexes containing A) and cyanopicolines (from complexes contain-
ing B, C and D) might be the next product given off after the 
removal of the water and ammonia molecules. 
2.5.2. In vacuum: 
Pyrolysis of 5-(2'-pyridyl)tetrazole in vacuum has been 
studied 70 and the results are summarised in Table XII. 
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Table XII: Percentage yields from the pyrolysis of 
5-(2'-pyridyl)tetrazole. 
Compound Temperature (°C) 
.500 ° 600° 760° 8 50° 
CCPD 33 44 28 3 . 5 
Aniline 19 11.8 6.4 0. 7 
Benzonitrile 2 . 8 4 4.6 1.5 
a-Picoline trace 0.3 trace 0. 5 
S-,y-Picoline trace trace - 0.1 
2-Cyanopyridine 0. 8 0.1 1.9 2 
Benzene 9.0 2. 8 3.5 6.0 
Pyridine 9.0 3.2 2.9 3. 2 
Naphthalene - - 0.4 0.1 
It was observed that the yields of cyanocyclopentadiene (CCPD) 
increase to a maximum at 600°C and drop off rapidly above 800°C. 
Maximum yields of aniline were obtained at Jower temperatures 
while that of 2-cyanopyridine increased with increasing temp-
erature. When the sample appeared to have exploded into the 
furnace, the yields of 2-cyanopyridine were high. Therefore, 
it was inferred that the major source of the 2-cyanopyridine 
was probably secondary recombination of the nitrile radical 
from CCPD with pyridine. The production of benzonitrile follows 
a similar trend to that of CCPD and this can be accounted for 
in terms of recombination of nitrile radicals from CCPD with 
benzene radicals from aniline. 
The pyrolysis of the various 5-(methylpyridyl)-tetrazoles 
in vacuum was also studied and two fairly fundamental differ-
ences from the behaviour of 5-(pyridyl)tetrazole were observed. 
The reverse 1,3-dipolar addition process, to cyanopicolines, 
71 
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made a greater contribution than it did in the case of pyridyl-
tetrazole. The yields of products from the pyrolysis of the 
three 5-(methylpyridyl)tetrazoles are given in table XIII. 
Table XIII: Percentage yields from the pyrolysis of 5-(methyl-
pyridyl)tetrazoles at 600°C/0.05-0.lmm. 
Compound 5- (3' -methyl- 5-(3'-methyl- 5- (6 '-methyl -2' -pyridyl) - 4' -pyridyl) - 2 '-pyridyl) -
tetrazole tetrazole tetrazole 
Me-CCPD 18 - 24 
2,3-pyridocyclobutene 22 - -
3,4-pyridocyclobutene - 16 -
Benzonitrile 2 - 17 
o-toluinitrile trace - 4 
3-vinylpyridine - 13 -
2-cyano-3-methylpyridine 12 - -
2-cyano-6-methylpyridine - - 7 
4-cyano-3-methylpyridine - 22 -
2:3 lutidine trace - -
3:4 lutidine - trace -
picoline - trace -
The difference between the pyrolytic behaviour of the 
free pyridyl-tetrazoles and their coordinated anions was 
studied by subjecting complexes to heating in vacuum. The 
products of decomposition were collected in a liquid-nitro gen 
trap and dissolved in dichloromethane. 2-cyanopyridine and 
cyanopicolines were the only products detected by gas-liquid 
chromatography. Thus, when these pyridyl-tetrazoles are co-
ordinated as their anions to a metal ion, the reverse 1,3-
dipolar cycloaddition occurs. 
.. 
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2.6 . X-ray powder diffraction p~tterns: 
From . the information available, the stereochemistries 
of the metal complexes with a metal-ligand ratio of 1:2 can 
be generalised as being distorted octahedral. 
X-ray powder diffraction patterns of complexes of the 
same empirical formula with a particular ligand were compared. 
The patterns were obtained for values of 20 between 6° a~d 40°. 
The 20 values and the relative intensities (I/I 1 ) of the peaks 
are listed in table XIV, XV and XVI. As can be seen the patterns 
for Cu(A) 22H 20, Zn(A) 22H 20, Co(A) 22Hj), Fe(A) 22H 20 and Mn(A) 2ZH 20 
are very similar, as are those of the pairs Ni(A) 2ZNH 3H20 and 
Co(A) 22NH 3H2o, and Cu(B) 2ZH 2o and Zn(B) 2ZH 20. The distortion 
in the copper (II) complexes of A and B could be small in comp-
arison to that in other known copper(II) complexes. The pattern 
for Cr(A) 2ZH 2o was different from those of M(A) 22H 20 mentioned 
above. This could be due to distortion from the arrangement 
of the ligands in the other complexes. The slight difference 
in the positions of the peaks for the complexes belonging to 
each group could be due to the different radii of the various 
metal ions. The slight variations in peak intensities could 
be due to differences in the size of the powder particles, 
specimen preparation, and "preferred orientation". 
The smaller number of resolvable peaks in the powder 
pattern of Cr(A) 22H 2o, Co(A) 22H 2o and Co(A) 22NH3H2o (tables 
XIV and XV) compared to the patterns of the other complexes 
was due to high background noise, probably caused by "fluor-
escence radiation" from chromium and cobalt (copper radiation 
was used to record all the patterns). 
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Table XIV: X-ray powder diffraction patterns for M(A) 2 2H 2o-o (CuKa radiation, A= 1.5418A) 
Cu(A) 22H 2O Zn(A)22H2O Co(A) 2 2H 2o Fe(A)22H2O Mn(A) 22H 2O 
28 I/I 1 28 I/I1 28 I/I 1 28 I/I 1 28 I/I 1 
11.2 100 11.1 100 11.1 100 11.1 100 11.1 100 
13.2 1 13.1 1 13.1 2 13.0 7 
13.9 7 13 . 9 9 14.1 11 14.1 7 13.9 17 
16.9 1 17.0 1 
18.4 18.4 3 18.6 8 18.4 4 18.2 8 
18.7 6 18.7 6 18.7 5 18. 5 11 
22.4 8 2 2. 2 20 22.2 6 2 2. 2 11 2 2. 2 68 
23.4 3 23.3 3 23.3 4 23.2 11 
24.2 1 24.1 1 
24.4 1 
25.1 5 25.1 1 25.3 3 25.2 6 25.0 12 
26.3 1 26.0 2 26.1 2 26.0 3 25.7 5 
27.3 6 
27.9 20 28.0 18 27.9 8 28.0 16 27.8 56 
32.1 2 32.1 3 32.1 2 32.1 4 31.8 6 
35.1 3 35.2 3 3 5. 2 1 35.2 4 35.0 8 
37.3 1 37.3 1 37.3 1 37.3 1 37.1 3 
38.0 1 37.7 1 38. 5 1 
39.4 1 39.6 1 39.6 1 39.3 3 
--· 
Among the 5-(3'-methyl-4 1 -pyridyl)tetrazolato complexes, 
those of copper(II) and cobalt(II) have the same empirical 
formula, M(C) 2NH 3 3H 2O, according to the analytical data. The 
insolubility of the cobalt(II) complex in concentrated ammonia 
solution suggests that this might be polymeric as distinct 
from the copper(II) complex_ which is soluble and could be 
monomeric. When these complexes were heated at 60°C for 
fifteen minutes, ammonia was detected in the case of copper(II) 
but not that of cobalt(II). This observation indicated that 
.. 
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the ammonia molecule ,might be coordinated to the cobalt(II) 
ion and not to the copper(II) ion. Furthermore, the X-ray 
powder diffraction patterns of these complexes are different. 
This shows that the complexes are not isostructural and 
supports the above observations. 
Table XV: Powder diffraction 
patterns for 
M(A) 22NH 3H2O 
(Cu Ka radiation) 
Ni(A) 2 2NH 3H2O Co(A)22NH2H2O 
·--
28 I/ I l 28 I/I 1 
11.0 7 
11.7 100 11.7 100 
14.4 28 14.9 8 
16.2 4 
17.3 13 17.5 7 
18.3 15 17.9 7 
19.7 20 19.4 16 
20.6 41 20.9 20 
23.9 8 
24.3 18 24.4 7 
26.4 14 24.7 11 
26.6 24 26.6 5 
2 7. 2 8 
27.6 79 27.6 24 
28.4 37 
29.4 3 
32.8 4 
33.9 4 
35.8 7 
38.2 6 
40.0 7 
. . 
Table XVI: Powder diffraction 
patterns for 
M(B) 22H 2O 
(Cu Ka radiation) 
Cu(B)22H2O Zn(B) 2 2H 2O 
28 I/ I 1 28 I/I 1 
10. 7 64 10.6 100 
14.1 4 -
14.4 2 14.3 20 
14.9 1 15.0 5 
15.8 4 15.8 18 
19.9 4 19.9 21 
21.4 100 21.1 31 
22.8 3 22.5 16 
23.6 3 
25.3 1 25.6 3 
26.4 3 26.1 1 
26.8 20 27.0 66 
2 8. 2 1 28.1 4 
28.4 3 
29.0 2 29.1 9 
31.2 2 31.4 7 
32.1 3 
32.9 3 32.8 12 
33.5 1 33.4 3 
38.1 3 37.8 7 
39.2 1 39.2 1 
39.6 1 39.7 3 
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CHAPTER 3 
1,3-DIPOLAR CYCLOADDITION REACTIONS: 
3.1. 2-Cyanopyridine and azido-metal complexes: 
Synthesis of 5-(2'-pyridyl)tetrazolato metal complexes 
was attempted via the 1,3-dipolar cycloaddition of 2-cyano-
pyridine to azido-complexes of several transition metals. Of 
all the compounds investigated, the azidobis(triphenylphosphine)-
copper(I) was the only one with which the reaction took place 
to give the corresponding tetrazolato complex. 
Azidopentamminecobalt(III) chloride 72 was used and its 
reaction with 2-cyanopyridine was carried out in dimethyl-
sulphoxide. This solvent was used because the azido-complex 
was insoluble in the more volatile solvents. A colour change 
from dark red to dirty green occurred and after most of the 
solvent was removed by vacuum distillation, addition of acetone 
yielded a tar-like product on which analysis was not possible. 
To improve the solubility of the azido-complex in organic 
solvents, [CoN3 (NH 3) 5]cl 2 was converted to the corresponding 
tetraphenyl borate salt. The reaction of this salt with 2-
cyanopyridine was done in acetone. A dark-red solid was obtain-
ed and comparison of its infrared spectrum with that of the 
-1 
azido-complex showed the appearance of bands at 1325cm and 
1392cm- 1 . The compound could not be identified. 
A white precipitate formed when 2-cyanopyridine was 
added to a pyridine solution of diazidobis(pyridine)zinc(II) 73 . 
r 
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The infrared spectrum of the solid showed a very strong sharp 
band at 2083cm-l with a shoulder at 2108cm- 1 . These bands 
might be due to the stretching vibrations of both the azide and 
the cyanide groups. Analytical data indicated that this comp-
ound was impure Zn(N 3) 2 (c 6H4N2) 2 , the pyridine molecules hav-
ing been displaced by 2-cyanopyridine. 
Reactions were also carried out with complexes contain-
ing both chloride and triphenylphosphine ligands. CoC1 2-
[P(C6H5)3]2 was prepared by grinding anhydrous cobalt(II) 
chloride and triphenylphosphine in the ratio of 1:2 74 . Re-
action of the compound with sodium azide in tetrahydrofuran 
resulted in formation of a brown solid that was then reacted 
with cyanopyridine to yield a tar-like product. The infrared 
spectrum of this showed a band in the 2030cm-l region which 
might be due to the asymmetric azide stretch indicating that 
the cycloaddition did not take place. 
The same procedure was repeated with NiC1 2 [P(C 6H5) 3 ] 2 
which was prepared by the method of Venanzi 75 . Addition of 
2-cyanopyridine to the azido-complex in dimethylsulphoxide led 
to the formation of a purple powder. The infrared spectrum of 
this solid gave no indication of the formation of a tetrazole 
complex . 
. 1,3-Dipolar cycloaddition of 2-cyanopyridine to azido-
bis(triphenylphosphine)copper(I)76 was demonstrated when 
5-(2'-pyridyl)tetrazolatobis(triphenylphosphine)copper(I) was 
isolated as an off-white solid. This reaction was carried out 
in chloroform with nitrogen bubbling through the reaction mix-
ture. During the course of the reaction, samples of the mix-
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ture were withdrawn at intervals. After evaporation of the 
solvent, infrared spectra of the resulting solid samples, 
showed the gradual disappearance of the azido asymmetric stretch 
at 2025cm-1 . At the same time, two bands at 720cm-l and 1120cm- 1 , 
which could be due to tbe tetrazole ring vibrations, appeared. 
Absorption bands in the 800-1800cm-l region of the spectra 
of the chloro, azido- and the 5-(2'-pyridyl)tetrazolato-
complexes could be assigned mainly to the c6H5-group of the 
triphenylphosphine ligands. 
When the reaction was carried out in the presence of air, 
a blue powder was formed in the reaction mixture and evaporation 
of most of the solvent from the filtrate yielded a greenish-
white solid. Analytical data confirmed that the blue powder 
was Cu(A) 2ZH 2o and the greenish-white powder was Cu(A)-
[P(C6H5)3]2. Cu(A) 2ZH 2o was also formed when a solution of 
CuA[P(C 6H5) 3] 2 in chloroform was refluxed in the presence of 
air. It is therefore possible that cycloaddition of 2-cyano-
pyridine with the azido-complex led to the formation of CuA-
[P(C6H5)3]2 which was converted to Cu(A) 2ZH 2o as a result of 
oxidation. Both air and water could be involved in the oxid-
ation of the copper(!) complex. Reaction of CuA[P(C 6H5) 3 ] 2 
with 2-cyanopyridine in dry chloroform and dry air yielded the 
oxidised product showing that the oxidation was brought about 
by the oxygen in the air. 
When the off-white copper(!) complex was pyrolysed in 
vacuum, 2-cyanopyridine and triphenylphosphine were detected 
using vapour-phase chromatography. This behaviour is similar 
to that of the other metal complexes of 5-(2'-pyridyl)tetrazole. 
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Magnetic measurement& show that the compound is diamagnetic as 
10 
expected for copper(I) (d ). This complex could not be pre-
pared by the direct reaction between chlorobis(triphenylphos-
phine)copper(I) and 5-(2'-pyridyl)tetrazole in chloroform. 
Analytical data indicated that the solid isolated was impure 
5- (2'-pyridyl)tetrazole. 
An attempt was made on the successive conversion of 
chlorotris(triphenylphosphine)silver(I) 77 to the azido-complex, 
and then to a complex of 5-(2'-pyridyl)tetrazole. Reaction 
of a methanolic solution of sodium azide with chlorotris(tri-
phenylphosphine)silver(I) in chloroform yielded a white solid 
which showed an azide asymmetric stretch at 2025cm- 1 . The 
product was then reacted with 2-cyanopyridine in chloroform. 
Samples from the reaction mixture were withdrawn at intervals 
and the progress of the reaction again followed by means of 
infrared spectra. The spectrum of the white solid obtained 
after two days of refluxing showed that bands due to the azide 
and cyanide groups at 2020 and 2025cm-l had disappeared. How-
ever, the spectrum did not exhibit bands due to 5-(2'-pyridyl)-
tetrazole. These observations can be explained by the analy-
tical data for the azido-complex which showed that this was 
contaminated with the chloro-complex. Thus, the cycloaddition 
reaction had probably occurred but the 5-(2'-pyridyl)tetra-
zolato complex had remained in solution while the unreacted 
chloro-complex, which was less soluble, was isolated from the 
reaction mixture. So far, it has not been possible to obtain 
pure azidobis(triphenylphosphine)silver(I) and all attempts 
to detect the presence of the tetrazolato-cornplex in the react-
ion mixture have been unsuccessful. 
-----------------------------------------
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3.2. Cyanopicoline~~nd azidobi.s(triphenylphosphine)copper(I): 
The 1,3-dipolar cycloaddition reaction between azido-
bis(triphenylphosphine)copper(I) with the three cyanopicolines, 
2-cyano-3-picoline, 4-cyano-3-picoline and 2-cyano-6-picoline 
was al_so attempted. These reactions were carried out in chloro-
form with nitrogen bubbling through the reaction mixture. Corn-
pletion of the reaction was shown by the disappearance of the 
peaks the 2000-2200crn -1 of the infrared spectra which in region 
are due to the cyanide and azide groups. In all cases, off-
white solids were obtained after the evaporation of the chloro-
form. Analytical data showed that the solids were the tetra-
zolato copper(I) complexes - CuL[P(C 6H5) 3 ] 2 (where L=B, C and 
D). 
The reaction mixtures of the cyanopicolines and the azido 
copper(!) complex are more easily oxidised than that of cyano-
pyridine. It is therefore necessary to remove oxygen from the 
nitrogen and to protect the outlet of the system from air. The 
"oxygen-scavenger", ammonium rnetavanadate in hydrochloric acid 
with granulated zinc was used. 
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CHAPTER 4 
CONCLUSION: 
4.1. 5-(2'-Pyridyl)tetrazolato metal complexes : 
Assuming that the divalent metal ions are six-coordinat-
ed and the 5-(2'-pyridyl)tetrazo~te anion acts ffi a bidentate 
ligand, if these complexes were monomeric, the coordination 
to the metal ions is likely to take place through the µitrogen 
atom of the pyridine and the N(l)-atom of the tetrazole ring 
forming a five-membered chelate ring. 
For M(A) 22H 2O, the water molecules can either be coordin-
ated to the metal in monomeric and polymeric complexes or as 
water of crystallisation in polymeric complexes. The high 
temperatures at which the water molecules are given off suggest 
that these molecules could be coordinated. The arrangement 
of donor atoms around the metal ion in M(A) 22H 2O is most probab-
ly octahedral except for that of copper(II) which would be ex-
pected to exhibit a tetragonal stereochemistry. The X-ray 
power diffraction pattern of Cu(A) 22H 2o is the same as those 
of the other M(A) 22H 2o, with the exception of Cr(A) 22H 2O, in-
dicating that the distortion in the copper(II) complex could be 
very small. 
If these metal complexes were monomers, four geometrical 
isomers XXXIV, XXXV, XXXVI, and XXXVII, would be possible with 
the trans - trans -isomer* (XXXIV) being the most probable one 
* The first term designates the arrangement of water molecules 
around the metal ion while the second one designates the geo-
metrical isomerism of the unsymmetrical bidentate ligands. 
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from consideration of the interaction between the atoms of the 
two anionic ligands . 
H H 
V 
R 
~ M\ / 
x1 x 
0 . 
H/ \H 
(XXX I V) trans - trans-is omer ~ (XXXV) trans-cis~ i·s omer 
(y /H 
X 0 
(y /H 
X 0 
y/ \O_H \_J "H x1/ \o-H \_t "H 
(XXXVI) cis-trans-isomer (XXXVII) cis-cis-isomer 
* X designates the N(l)-atom of tetrazole ring while Y 
designates the N-atom of the pyridine ring of the 
bidentate ligand. 
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The infrared spectra and X-ray powder diffraction 
patterns of ,Ni(A) 22NH3H20 and Co(A) 22NH 3H2o show that these 
compounds are isostructural. It is possible that, 
(i) both ammonia molecules, 
(ii) only one ammonia and the water molecule, 
(iii} only the water molecule, 
are coordinated to the metal ion. Since the results from the 
decomposition showed that one molecule of water or ammonia 
was lost at about 60° to 80°C, and ammonia was detected as a 
result of heating these complexes at 60°C for fifteen minutes, 
the first possibility is least likely. The insolubility of 
these compounds in concentrated ammonia solution in contrast 
to compounds of other metal ions suggests that these complexes 
might be polymeric. If so, the second and third possibilities 
with the complexes being polymeric are quite likely with each 
metal ion being six-coordinated. On the basis of the available 
information, it is not possible to distinguish between the t wo 
possibilities concerning the coordination of water and ammonia 
molecules. 
Three possibilities can be put forward for the arrange-
ment of bonds around the iron(II) ion in FeCl(A)2H 20: 
(i) the metal ·ion can be four-coordinated where only 
one of the water molecules is coordinated giving 
a tetrahedral arrangement of bonds, 
(ii) where all the ligands are bonded to the metal ion 
giving a five-coordinated trigonal bipyramid s tereo-
chemistry, and 
(iii) a polymeric structure where the iron(II) ion is 
w 
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six coordinated. 
Finally, for 5-(2'-pyridyl)tetrazolato silver(I), we 
would expect a linear arrangement of bonds and a chain-like 
structure if the coordination number of silver(I) is two. If 
it is four-coordinated, the arrangement of bonds would be 
tetrahedral. With either arrangement, the ligand must act as 
a bridging group. Assuming that the ligand bonds to the metal 
ion through the nitrogen atom of the pyridine ring, either the 
N(l)- or N(2)-atom of the tetrazole ring would also be bonded 
with the N(2)-atom being more likely. In the case where the 
silver(I) ion is four-coordinated, a number of arrangements o f 
the metal ion and the ligand are possible. The possibility 
that only nitrogen atoms of the tetrazole ring may be involved 
in the bonding as in [Ag(C 2F3N4) [P(C 6H5) 3] 2J2 (XXVI) is un-
likely on the basis of the 1:1 ratio of metal ion and ligand, 
and the stereochemical requirements of the silver(I) ion and 
the ligand. Shifts of bands in the 1600cm - l region of the 
infrared spectra of A, when coordinated with silver, support 
the assumption that the nitrogen atom of the pyridine ring is 
bonded to the metal ion. 
4.2. 5-(3'-Methyl-2'-pyridyl)tetrazolato metal complexes: 
For Cu(B) 22H 2o and Zn(B) 22H 2o, it is likely that the 
arrangement of donor atoms around the metal ions is octahedral. 
With the methyl group on the 3-position of the pyridine ring, 
we would again expect the trans-trans-isomer (XXXIV), R=CH 3 , 
R~=H) to be the most favoured one. 
The lower thermal stability of these compounds compared 
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to that of compounds ,containing A is due to the steric effect 
of the methyl group. 
When Ni(B) 22NH 3H20 and Co(B) 2NH 3ZH 20 were heated at 
60°C for fifteen minutes, ammonia was detected. Therefore, the 
three possibilities regarding the coordination of ligands around 
the metal ion mentioned for M(A) 22NH 3H20 also apply to 
Ni(B) 2ZNH 3H2o. For Co(B) 2NH 3 ZH 2o, it is likely that the two 
molecules are coordinated to the six-coordinated cobalt(II) ion. 
The insolubility of both the nickel(II) and cobalt(II) complexes 
in concentrated ammonia solution again suggests that they might 
be polymeric. The Ni(B) 2 and Co(B) 2 complexes decomposed at 
lower temperatures than Ni(A) 2 and Co(A) 2 . This can be attrib-
uted to the steric effect of the methyl group. 
In the case of the Ag(B) complexes, it would be expected 
that the arrangement of the ligands and silver(I) ion would be 
one of the possibilities mentioned for Ag(A). 
4.3. 5-(3'-Methyl-4'-pyridyl)tetrazolato metal complexes: 
From space models, it can be seen that it is not possible 
for the nitrogen atom of the pyridine ring and any of the nitro-
gen atoms of the tetrazole ring to coordinate to the same metal 
ion. Thus, it would be expected that all these metal complexes 
are polymeric if the divalent metal ion were six-coordinated. 
The insolubility of all the complexes, except that of copper(II), 
in concentrated ammonia solution further supports this. Tak-
ing into consideration the steric requirements of C, we would 
expect the ligand to act as a bridging group with the nitrogen 
atom of the pyridine ring and a nitrogen atom of the tetrazole 
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ring being bonded to ,different metal ions. This is in contrast 
to possible polymers formed in the case of divalent metal com-
pounds of A and B, where the heterocyclic ligands can act as 
bidentates and the water molecules as bridging groups. 
As already mentioned (see section 2.6.), although both 
the copper(II) and cobalt(II) complexes have the same empirical 
formula of M(C) 2NH 33H 2o, the 20 values of their X-ray powder 
diffraction patterns are different. This could be due to dis-
tortion of the arrangement in the copper(II) complex and/or 
different ligands (i.e. water or ammonia) being coordinated 
to the metal. In fact, when these complexes were heated at 
6O°C for fifteen minutes, ammonia was detected in the case of 
copper(II) but not that of cobalt(II). 
The Ag(C) complex is again predicted as having a linear 
or tetrahedral arrangement of bridging ligands around the 
silver(!) ion. 
4.4. 5-(6'-Methyl-2'-pyridyl)tetrazolato metal complexes: 
If these complexes were to exist as monomers, space 
models suggest that the trans-trans-isomer (XXXIV, R=H, R~=CH 3) 
is strongly hindered by the methyl group on the 6-position of 
the pyridine ring. The favoured arrangement seems to be that 
of the cis-cis-isomer (XXXVII). 
For Cu(D) 2NH 3 2H 20, it is likely that the water molecules 
are coordinated to the copper(II) ion since ammonia was detected 
when the complex was heated at 6O°C. 
Two possibilities can be put forward for the arrangement 
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of ligands around the zinc(II) ion in Zn(D) 2NH 3H20, 
(i) Only the water molecule is involved and the 
structure is polymeric, 
(ii) Both the ammonia and water molecules are coordinated 
in a monomer, 
Since ammonia was detected when the compound was heated at 60°C 
and it is also soluble in concentrated ammonia solution, the 
arrangement could be either of the above. 
In the case of Ni(D) 2H2o, we can assign a polymeric 
structure with six-coordinated nickel(II) ions or a monomeric 
structure with the metal ion being five-coordinated. The 
first possibility is more likely considering the insolubility 
of this complex in concentrated ammonia solution. 
For Co(D) 2ZH 20, the high temperature at which the water 
molecules were lost (figure 11) together with the fact that it 
is soluble in concentrated ammonia solution suggest that this 
complex is monomeric with the cobalt(II) being six-coordinated. 
The Ag(D) complex is again expected to have the same 
arrangement around the silver(I) ion as in the case of the · 
other Ag(L). This is consistent with the similar temperature 
of decomposition of all the Ag(L) which suggests that all these 
complexes might have the same type of structure, with the small 
differences in the temperature being due to the different 
properties of each ligand. 
4.5. 1,3-Dipolar cycloaddition reaction: 
Among all the systems studied, azido-bis(triphenyl-
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phosphine)copper(I) is the only complex which reacted with 
2-cyanopyridine and the cyanopicolines via the 1,3-dipolar 
cycloaddition reaction. 
The -h i g h so 1 u b i 1 it y o f a 11 the Cu ( L ) [ P ( C 6 HS ) 3 ] 2 
(where L = A, B . and D) complexes in chloroform suggests 
that they might be monomeric and if so, we would expect a 
distorted tetrahedral arrangement of bonds around the four-
coordinated copper(I) ion with the tetrazolate anion acting 
as bidentate ligands. Assuming that the anion is bonded to 
the metal through the nitrogen atom of the pyridine ring and 
the N(l)-atom of the tetrazole ring, the mechanism of the 
cycloaddition could be psotulated to have occurred through the 
first route (equation (1), page 12). The different route 
taken by this reaction as compared to reactions studied by 
previous workers, where the 5-substituted tetrazolate anion 
is bonded through the N(2)-atom, can be accounted for by the 
presence of the pyridyl-ring in the nitrile. The lone pair 
of electrons on the nitrogen atom of this ring could first 
coordinate to the metal ion thus forcing the reaction between 
the cyano- and azido-groups to lead to bonding of the a-nitrogen 
to the carbon atom of the nitrile group: 
0 ~ 0 
N N (3) 
N /"'C N: NO\ \ t - .~ ~ /=N N N: M( 
'-..,.N/ M 
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4.6. · Summary 
Analytical data, as well as the infrared spectra of the 
complexes indicate that the tetrazoles studied coordinate as 
tetrazolate anions. Furthermore, the infrared spectra suggests 
that both the heterocyclic rings coordinate to the metal ions. 
However, the possibility of the presence of coordinated as well 
as uncoordinated solvent molecules has led to difficulties in 
the formulation of these complexes. 
For all the divalent metal complexes studied, reflectance 
spectra and values of magnetic moments are consistent with that 
expected for six-coordinated metal ions, and X-ray powder diff-
raction studies enable classification of some of the compounds 
into isostructural groups. The behaviours in solution cannot 
be studied as the complexes are insoluble in all common solvents, 
either due to the structures being polymeric or because the com-
pounds are non-electrolytes. 
From the information available, possible structures for 
the complexes can be proposed. However, X-ray diffraction 
studies on single crystals will be necessary to determine the 
structures of these complexes. 
- 7 4 -
CHAPT:CR 5 
EXPERIMENTAL 
Analysis for C, H, N, Cl and Cr were done by the micro-
analytical service, Australian National University. 
Determination of ammonia was done by boiling the complex 
in dilute sodium hydroxide solution, collecting the ammonia in 
dilute hydrochloric acid, and titrating with dilute sodium 
hydroxide solution. 
The analysis for water and ammonia in the metal complexes 
and decompositions in air were done thermo-gravimetrically 
using a Stanton automatic thermo-recording balance model TR-01. 
Hydrogen-1 n.m.r. spectra were recorded on a Jeol Model 
JNM-MHlOO spectrometer using CDC1 3 as solvent. 
Infrared spectra were recorded on a Grubb-Parsons DM4 
MKII (20-50µ) spectro· photometer using nujol mulls and polythene 
I 
plates, a Grubb-Parsons GS4 (1-2µ) spectrophotometer using potass-
ium bromide discs with nujols and hexachlorobutadiene mulls in 
the range 4-25µ and 1-4µ respectively. 
Reflectance spectra were measured using a Unicam SP500 
spectrophotometer with reflectance attachment. 
Magnetic moments were determined on the solids using the 
· Gouy method. 
X-ray powder diffraction patterns were recorded using a 
Philips PW 1049 powder diffractometer with CuKa radiation for 
28 values between 6° and 40° . 
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Vapour-phase chromatography was done using a Packard 
Gas-Chromato~raph . 
(1) 5-(2'-Pyridyl)tetrazole (HA): 
This was prepared by the . method of McManus and Herbs; 6 . 
White needle-shaped crystals, m.p. 207°C, (Found: C, 48.8; 
H, 3.4; N, 47.2. c6H5N5 requires C, 49.0; H, 3.4; N, 47.6%). 
(2) 2-Cyano- and 4-cyano-3-picolines: 
These were prepared by the general method of Feely and 
57 Beavers . Using 3-picoline, the reaction gave a mixture of 
2-cyano-, 4-cyano- and 6-cyano-3-picolines. The 4-cyano-isomer 
was separated by fractional distillation using a 20 cm Vigreux 
column. The residue from the distillation was recrystallised 
from chloroform using an ethylacetate/dry-ice bath which gave 
the less soluble 2-cyano-3-picoline in the frozen solid. The 
freezing procedure was repeated and the purification of the 
2-cyano-isomer was followed by n.m.r. spectra. 
(a) 2-cyano-3-picoline: white crystalline solid, 
2 n.m.r. -rl.35(d, H6); 2.16(d, H4); 2.45(d, HS); 7.40 
( s, CH 3) . 
(b) 4-cyano-3-picoline: white crystalline solid, 
n.m.r. -rl.22(s, HZ); l.28(d, H4); 2.44(d, HS); 7.43 
(s, CH 3). 
(3) 2-Cyano-6-picoline: 
This was prepared by the method of Feely and Beavers 57 . 
Using 2-picoline, the reaction gave a mixture of 2-cyano- and 
4-cyano-6-picolines. The isomers were separated by fractional 
distillation using a 20 cm Vigreux column. 4-cyano-3-picoline, 
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b.p. 96°C/25 mm Hg an<l 2-cyano-3-picoline, b.p. 104°C/25 mm Hg. 
(a) 2-cyano-6-picoline: white crystalline solid, 
2 
n.m.r. T2.20(d, H4); 2.38(d, H3); 2.44(d, HS); 7.35 
(s, CH 3) 
(4) 5-(Methyl-pyridyl)tetrazoles: 
2-Cyano-3-picoline, 4-cyano-3-picoline and 2-cyano-6-
picoline were converted to the respective tetrazoles by the 
method of Crow et ai. 58 • 
(a) 5-(3'-methyl-2'-pyridyl)tetrazole monohydrate 
(HBH 20): white needle-shaped crystals, recrystallised 
from aqueous methanol, m.p. 240°C, (Found: C, 47.2; 
H, 5 . 0 ; N, 3 9 . 0 . C 6 H 7 NS O r eq u 1 res C, 4 6 . 9 ; H, 5 . 0 ; 
N, 39.1%). 
(b) 5-3'-methyl-4'-pyridyl)tetrazole (HC): off-white 
fine crystals, recrystallised from aqueous methanol, 
m.p. 242°C, (Found: C, 52.1; H, 4.5; N, 43.6. c6H5N5 
requires C, 52.2; H, 4.4; N, 43.5%). 
(c) 5- (6' -methyl-2 '-pyridyl) tetrazoleO. SH 20 (HDO. SH 22l_: 
white needle-shaped crystals, recrystallised from meth-
anol/acetone, m.p. 210°C, (Found: C, 49. O; H, 4.8; N, 
41.0. C6H6N5o0 _5 requires C, 49.4; H, 4.7; N, 41.2%). 
(5) 2-Cyanopyrrole: 
2-Cyanopyrrole was prepared by the method of Anderson 59 . 
The conversion to the corresponding tetrazole was attempted 
. h h d f F . 6 O E . f DMF f h using t e met o o 1nnegan . vaporat1on o rom t e 
filtrate yielded a maroon product. (Found: C, 40.2; H, 3.8; 
N, 46.0; P 135. c5H5N5 requires C, 44.4; H, 3.7; N, 51.9%; 
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P 135). 
(6) Sodium salts of pyridyl-tetrazoles: 
Sodium hydroxide was added to a solution or suspension 
of the pyridyl-tetrazole in water almost to equivalence-point. 
Evaporation of the solution to dryness gave a white solid. This 
was then shaken several times with acetone. 
(a) Sodium 5- (2' -pyridyl) tetrazolate,l. SH 20 (NaAJ_. SH 2Ql: 
white powder, (Found: C, 37.0; H, 3.3; N, 36.3. 
c6H7NaN 5o1 _5 requires C, 36.7; H, 3.6; N, 35.7%). 
(b) Sodium 5-(3'-methyl-2'-pyridyl)tetrazolat~l.5H2~ 
(Na B,l . SH 2 0 ) : w hi t e powder , ( Found : C , 4 0 . 3 ; H , 4 . 4 ; 
N, 33.8. c7H9NaN 5o1 _5 requires C, 40.0; H, 4.3; N, 
33.3%). 
(c) Sodium 5-(3'-methyl-4'-pyridyl)tetrazolat~l.SH 2Q 
(NaC,,l.SH 20): white powder, (Found C, 39.9; H, 4.9; 
N, 33.5. c7H9NaN 5o1 _5 requires C, 40.0; H, 4.3; N, 
33.3%). 
(d) Sodium 5-(6'-methyl-2'-pyridyl)tetrazolat~0.7SH2~ 
(N aD,0. 7 SH 2 0) : white powder, (Found: C, 4 2. 3; H, 3. 9; 
N, 35.9. c7H7 _5NaN 5o0 _75 requires C, 42.8; H, 3.8; 
N, 35.6%). 
(7) Tetrazolato complexes by the reaction of a metal chloride 
with tetrazoles: 
Method a. In concentrated ammonia solution 
Metal chloride (0.0014 mole) was dissolved in the mini-
mum amount of water and concentrated ammonia solution 
(ca. 1-2 ml) was added till the precipitate, which form-
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ed initially, dissolved. This solution was then mixed 
with an ammoniacal solution of the tetrazole (0.0028 
mole). When the solution was exposed to the atmosphere, 
crystals were separated from the solution by filtration. 
Where possible, the products were recrystallised from 
cencentrated ammonia solution. 
(i) 5-(2'-Pyridyl)tetrazolato (A) metal complexes: 
Zn(A) 22H 2~: white crystals, recrystallised from 
concentrated ammonia solution, (Found: C, 36.4; H, 
3.0; N, 35.9; H20, 9.3. c12H12 znN10 o2 requires C, 
36.6; H, 3.0; N, 35.6; H20, 9.2%). 
Cu(A) 22H 2~: blue crystals, recrystallised from con-
centrated ammonia solution, (Found: C, 36.7; H, 3.2; 
N, 36.0; H2o, 9.4. c12H12 cuN10 o2 requires C, 36.8; 
H, 3.1; N, 35.8; H20, 9.2%). 
Ni(A) 22NH~2Q: mauve crystals, (Found: C, 35.8; 
H, 4.0; N, 42.2; NH3 and H20' 12.0. cl2Hl6NiN120 
requires C, 35.8; H, 4.0; N, 42.2; NH 3 and H2o, 
12.9%). 
Co(A) 22NH 3H2Q: brownish-yellow powder, prepared in 
a nitrogen atmosphere, (Found: C, 36.9; H, 3.7; N, 
43.1; NH 3 and H20, 12.9. c 12H16 coN12 o requires C, 
3 5 . 7; H, 4 . 0; N, 4 2 . 0 ; NH 3 and H 2 0, 13. 0 % ) . 
Ag(A): white crystals, recrystallised from concentrat-
ed ammonia solution, (Found: C, 28.2; H, 1.5; N, 27.7. 
C6H4AgN 5 requires C, 28.2; H, 1.6; N, 27.4%). 
(ii) 5-(3'-Methyl-2'-pyridyl)tetrazolato (B) metal 
complexes: Zn(B) 22H 2~: white crystals, recry·stallised 
from concentrated ammonia solution, (Found: C, 39.8; 
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H, 3.7; N, ~33.8; H20, 8.6. c14H16 znN10 o2 require s 
C, , 39.9; H, 3.8; N, 33.2; H20, 8.6%). 
Cu(B) 22H 2_Q_: blue crystals, recrystallised from con-
centrated ammonia solution, (Found: C, 39.9; H, 3.7; 
N, 33.6; H20, 8.6. c14H16 cuN10 o2 requires C, 40.0; 
H, 3.8; N, 33.4; H20, 8.6%). 
Ni(B) 22NH 3H2_Q_: mauve powder, (Found: C, 39.1; H, 
5.0; N, 39.7; NH 3 and H20, 12.0; NH 3 , 7.8. 
c14H20 NiN12 o requires C, 39.1; H, 4.7; N, 39.1; NH 3 
and H 2 0 , 1 2 . 1 ; NH 3 , 7 . 9 % ) . 
Co(B) 2NH 32H 2_Q_: yellow powder, prepared in a nitro-
gen atmosphere, (Found: C, 38.6; H, 4.7; N, 36.7; 
NH 3 and H20, 12.4; NH 3 , 2.8. c 14H19 coN11 o2 requires 
C, 3 7 . 7; H, 4. 3; N, 3 7 . 7; NH 3 and H 2 0, 12 . 3; NH3 , 
3.3%). 
Ag(B): white crystals, recrystallised from concentr-
ated ammonia solution, (Found: C, 31.2; H, 2.2; N, 
26.0. c 7H6AgN 5 requires C, 31.4; H, 2.3; N, 26.1 %) 
(iii) 5-(3'-Methyl-4'-pyridyl)tetrazolato (C) metal 
complexes: Zn(C) 22H 2_Q_: white solid, (Found: C, 39.4; 
H, 3.7, N, 33.4. c 14H16 znN10 o2 requires C, 39.9; 
H, 3.9; N, 33.2%). 
Cu(C) 2NH 33H 2_Q_: blue powder, recrystallised from con-
centrated ammonia solution, (Found: C, 36.8; H, 4.5; 
N, 33.5; NH 3 and H20, 15.8. c14H16 cuN10 o2 requires 
C, 3 7 . 0 ; H, 4 . 7; N, 3 3. 9 ; NH 3 and H 2 0 , 15 . 6 % ) . 
Ni(C) 24H 2_Q_: purplish-blue powder, (Found: C, 36.3; 
H, 4.4; N, 31.1. c14H23NiN10 o4 requires C, 37.3; 
H, 4.5; N, 31.1%). 
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Co(C) 6NH 33H2_Q_: salmon-pink powder, (Found: C, 35.7; 
H, 4.5; N, 34.2. c 14H21 coN11 o3 requires C, 37.3; 
H, 4.7; N, 34.2%). 
Ag(C): white crystals, recrystallised from concentrat-
ed ammonia solution, (Found: C, 31.2; H, 2.2; N, 25.9. 
c 7H6AgN 5 requires C, 31.4; H, 2.3; N, 26.1%). 
Cu(C) (OH)H 2_Q_: blue powder, recrystallised from con-
centrated ammonia solution, (Found: C, 32. O; H, 3. 7; 
N, 26.1. c 7H9CuN 5o2 requires C, 32.5; H, 3.5; N, 
27 .1 %). 
(iv) 5- (6 '-Methyl-2' -pyridyl)tetrazolato (D) metal 
complexes: Zn(D) 2NH 3H2_Q_: white crystals, recrystal-
lised from concentrated ammonia solution, (Found: 
C, 40.2; H, 4.6; N, 37.1. c 14H17 N11 o requires C, 
40.0; H, 4.1; N, 36.6%). 
Cu(D) 2NH 3 2H 2~: greenish-blue crystals, recrystallised 
from concentrated ammonia solution, (Found: C, 38.2; 
H, 4.7; N, 35.3. c 14H19cuN11 o2 requires C, 38.5; 
H, 4.4; N, 35.3%). 
Ni(D) 2H2Q_: blue powder, (Found: C, 42.2; H, 3.6; 
N, 35.9. c 14H14NiN10 o requires C, 42.4; H, 3.6; 
N, 35.3%). 
Co(D) 22H 2_Q_: maroon crystals, prepared in a nitrogen 
atmosphere, recrystallised from concentrated ammonia 
solution, (Found: C, 40.8; H, 3.5; N, 33.3. 
c 14H16 coN10 o2 requires C, 40.5; H, 4.0; N, 33.7%). 
Ag(D): white crystals, recrystallised from concen-
trated ammonia solution, (Found: C, 31.5; H, 2.7; 
N, 26.1. c 7H6AgN 5 requires C, 31.4; H, 2.3; N, 26.1%). 
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Method b. In ethanol: 
Alcoholic solutions of the metal chloride (0.0014 mole) 
and the ligand (0.0028 mole) were mixed. The products 
were separated from the solution by filtration. 
(i) 5-(2'-Pyridyl)tetrazolato metal complexes: 
Fe(A)Cl2H 2~: iron(II) chloride tetrahydrate was pre-
pared by reducing iron(III) chloride hexahydrate 
using iron powder and hydrochloric acid. T~e complex 
prepared in a nitrogen atmosphere, formed as yellow 
crystals, (Found: C, 26.3; H, 2.9; N, 24.9; Cl, 13.0. 
c 6H8ClFeN 502 requires C, 26.3; H, 3.0; N, 25.6; Cl, 
13.0%). 
Cr(A) 22H 2~: chromium(II) chloride tetrahydrate was 
prepared from potassium dichromate 78 . The complex, 
prepared in a nitrogen atmosphere, formed as a mauve 
powder, (Found: C, 37.6; H, 3.2; N, 37.3; Cr, 13.7. 
c 12H12crN10 o2 requires C, 37.9; H, 3.2; N, 36.8; Cr, 
13.7%). 
(ii) 5-(3'-Methyl-2'-pyridyl)tetrazolato (A) metal 
complexes: Mn(B) 2H2~: white powder, (Found: C, 43.2; 
H, 3.4; N, 36.1. c14H14MnN 10 o requires C, 43.7; H, 
3.4; N, 36.4%). 
(iii) 5-(6'-Methyl-2'-pyridyl)tetrazolato (D) metal 
complexes: Fe(D) 24H 2~: yellow powder, prepared in a 
nitrogen atmosphere, very sensitive to air, (Found: 
C, 37.1; H, 5.0; N, 31.4. c 14H20 FeN10 o4 requires 
C, 37.4; H, 4.9; N, 31.1%) 
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Method c. In aqueous medium: 
The metal chloride (0.0014 mole) was dissolved in the 
minimum amount of water and added to a solution of the 
5-(2'-pyridyl)tetrazole (0.0028 mole). A powdery product 
which formed almost immediately was separated from the 
solution by filtration. 
Co(A) 22H 2Q: brownish-yellow powder, (Found: C, 36.2; 
H, 3.4; N, 36.3. c12 H12N10 o2 requires C, 37.2; H, 
3.1; N, 36.2%). 
Fe(A) 2ZH 2Q: yellow powder, prepared 1n a nitrogen 
atmosphere, (Found: C, 37.5; H, 3.2; N, 36.5. 
(8) Tetrazolato complexes by the 1,3-dipolar cycloaddition 
reaction: 
(a) Cobalt(III): 
Azido(pentammine)cobalt(III) chloride was prepared by the 
method of Linhard and Flygare 72 . 
(i) [Co(N3)(NH3) 5]cl 2 (0.0029 mole) was dissolved 
in DMSO and excess 2-cyanopyridine (0.029) was added 47 . 
The mixture was then refluxed until the colour changed 
from · dark maroon to dark green. The DMSO was removed 
by vacuum distillation. Addition of acetone to the 
small volume of dark green solution gave a tar-like 
product. 
(ii) [Co(N 3) (NH 3) 5]Cl 2 (0.0029 mole) was mixed with 
sodium tetraphenyl boron (0.0058 mole) in acetone and 
left overnight. The product was then reacted with 
2-cyanopyridine as in (i) and a dark red product formed. 
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The infrared spectrum of this solid showed bands 
which might be due to a tetrazole ring. Recrystall-
isation of the product was attempted but analytically 
pure samples could not be obtained. 
(b) Zinc(II): 
73 Zn(N 3) 2 (c 5H5N) 2 was prepared by the method of Agrell . 
The reaction with 2-cyanopyridine in the ratio of 1:2 
in pyridine yielded a white solid. Analytical data 
indicated that this compound was impure Zn(N 3) 2 (c6H4N2) 2 , 
(Found: C, 35.0; H, 3.0; N, 34.4. c12H8ZnN10 requires 
C, 40.2; H, 2.4; N, 39.1. c10H10 znN8 requires C, 39.0; 
H, 3.3; N, 36.4%). 
(c) Cobalt(II): 
CoC1 2 [P(C 6H5) 3 ] 2 was prepared by a solid phase reaction
74 
between anhydrous cobalt(II) chloride (0.004 mole) and 
triphenylphosphine (0.008 mole). The resultant blue 
solid (0.002 mole) was then mixed with sodium azide 
(0.004 mole) in tetrahydrofuran. A brown solid was 
obtained and reacted with 2-cyanopyridine in the ratio 
of 1:2 in DMSO. This yielded a tarry-green mass. The 
infrared spectrum showed that the cycloaddition reaction 
had not taken place. 
(d) Nickel(II): 
NiC1 2 [P(C 6H5) 3J2 (0.003 mole) prepared by the method 
of Venanzi 75 was reacted with sodium azide (0.006 mole) 
and an olive-green solid formed. The reaction of this 
solid (0.0005 mole) with 2-cyanopyridine (0.001 mole) 
gave a purplish powder but the infrared spectrum gave 
no indication of the presence of the tetrazole complex. 
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(e) Silver(I}: 
(i) Methanol solution of NaN 3 was added slowly into 
a chloroform solution of AgCl[P(C 6H5) 3JJ 6 with stir-
ring. After one hour the white solid obtained after 
the evaporation of the solvent is not Ag(N 3)-
77 [P(C6H5)3]2. 
(ii) 
cyanopyridine and sodium azide were refluxed in 
chloroform. After 72 hours, only the starting 
materials were detected by means of infrared spectra. 
(f) Copper(I): 
(i) Preparation of Cu(A) [P(C 6H5l 3l 22H 2~: 
76 CuCl[P(C 6H5) 3] 3 was prepared by the method of Beck 
77 
and converted to [Cu(N3) [P(C 6H5) 3] 2½ . The azido 
complex (0.001 mole) and 2-cyanopyridine (0.001 mole) 
in chloroform were then stirred under nitrogen. The 
reaction was followed by means of infrared spectra 
and was complete within 2 days. The product obtained 
after evaporation of some of the solvent was an off-
white powder. (Found: C, 68.7; H, 5.0; N, 9.3. 
C, 68.7; H, 4.7; N, 9.5%). 
When the reaction was carried out in the presence of 
air, a blue powder formed and was removed by filtrat-
ion, (Found: C, 36.5; H, 3.2; N, 35.8. Cu(A) 2 ZH 20, 
c12H12 cuN10 o2 requires C, 36.8; H, 3.1; N, 35.8%). 
Cu(A) [P(C 6H5) 3] 2 was obtained from the filtrate by 
the evaporation of the solvent. 
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(ii) 
cyanopicolines: 
The reaction of [Cu(N 3)(P(C 6H5) 3) 2J2
77 
with 2-cyano-
3-picoline, 4-cyano-3-picoline and 2-cyano-6-picoline 
were carried out under nitrogen as described above. 
The products were precipitated from the reaction 
mixture by the addition of oxygen-free ether. The 
solids obtained were all white powders. Analytical 
data indicated that the products were impure 
Cu (L) (P (C 6H5) 3) 2 , 
Cu(B)(P(C 6H5) 3) 2 : (Found: C, 54.1; H, 4.3; N, 11.6. 
c 43H37 cuN5P2 requires C, 68.2; H, 5.2; N, 9.5%). 
Cu(C)(P(C6H5) 3) 2 : (Found: C, 65.3; H, 5.1; N, 11.5. 
c 43H37cuN 5P2 requires C, 68.2; H, 5.2; N, 9.5%). 
Cu(D)(P(C 6H5) 3) 2 ; (Found: C, 54.1; H, 4.3; N, 11.6. 
c 43 H37 CuN5P2 requires C, 68.2; H, 5.2; N, 9.5%). 
(iii) Reaction of CuCl(P(C 6H51313 with 5-(2'-pyridyl)-
tetrazole: 
The chloro-complex (0.0068 mole) obtained by the 
method of Beck 76 was dissolved in chloroform and 
5-(2'-pyridyl).tetrazole was added. The mixture was 
stirred for 72 hours at room temperature. After 
partial evaporation of the solvent and filtration, 
a white solid was obtained and analytical data show-
ed that it was the tetrazole. 
(9) Pyrolyses under vacuum were done in an apparatus consist-
ing of a horizontal silica tube bound with heating tapes and 
packed with 5-10 mm pieces of silica tubing. Products were 
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collected in a liquiq nitrogen trap and removed by washing 
the trap with dichloromethane. The solution was then anal-
ysed by vapour-phase chromatography. 
- 8 7-
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